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Abstract 

We  compute  the  forecastable  changes  in  output,  consumption,  and  hours  implied  by  a  VAR  that 
includes  the  growth  rate  of  private  value  added,  the  share  of  output  that  is  consumed,  and  the  detrended 
level  of  private  hours.  We  show  that  the  size  of  the  forecastable  changes  in  output  greatly  exceeds  that 
predicted  by  a  standard  stochastic  growth  model,  of  the  kind  studied  by  real  business  cycle  theorists. 
Contrary  to  the  model's  implications,  forecastable  movements  in  labor  productivity  are  small  and  only 
weakly  related  to  forecasted  changes  in  output.  Also,  forecasted  movements  in  investment  and  hours 
are  positively  correlated  with  forecasted  movements  in  output.  Finally,  and  again  in  contrast  to  what 
the  growth  model  implies,  forecasted  output  movements  are  positively  related  to  the  current  level  of 
the  consumption  share  and  negatively  related  to  the  level  of  hours.  We  also  show  that  these  contrasts 
between  the  model  and  the  observations  are  robust  to  allowance  for  measurement  error  and  a  variety  of 
other  types  of  transitory  disturbances. 


*We  wish  to  thank  Ludwig  Chincarini  for  research  assistance,  John  Cochrane,  John  Huizinga,  Lucrezia  Reichlin,  and  Ar^a 
Sbordone  for  helpful  discussions,  and  the  NSF  for  research  support. 


1      Introduction 

The  recent  literature  has  given  considerable  attention  to  the  hypothesis  that  fluctuations  in  aggregate  eco- 
nomic activity  result  from  stoch^lstic  variations  in  the  rate  of  technical  progress  (Kydland  and  Prescott,  1982; 
Prescott,  1986;  King,  Plosser  and  Rebelo,  1988a,  1988b;  Plosser,  1989).  One  of  the  most  appealing  features 
of  this  "real  business  cycle"  (RBC)  hypothesis  is  its  parsimony  -  it  is  proposed  that  the  same  exogenous 
changes  in  the  available  production  technology  that  determine  the  long-run  changes  in  output  per  head  also 
account  for  short-run  variations  in  output  and  employment.  Rather  than  a  puzzle  to  be  explained  through 
the  invocation  of  a  complex  mechanism  that  is  introduced  into  one's  model  of  the  economy  solely  for  that 
purpose,  the  business  cycle  is  actually  a  necessary  consequence  of  stochastic  growth.  It  would  be  predicted 
to  occur  even  in  the  absence  of  Jiny  "frictions"  not  present  in  a  standard  neoclassical  model  of  long-run 
growth,  and  in  the  absence  of  any  other  disturbances  to  the  economy,  once  one  recognizes  that  the  technical 
progress  responsible  for  long  run  growth  is  itself  stochastic.  ' 

The  demonstration  by  Nelson  and  Plosser  (1982)  that  U.S.  real  GNP  has  a  "unit  root"  or  stochastic  trend, 
rather  than  exhibiting  only  transitory  fluctuations  around  a  deterministic  growth  trend,  greatly  increased 
the  credence  given  to  the  real  business  cycle  hypothesis.  It  is  widely  accepted  that  shocks  that  result  in 
permanent  increases  in  the  level  of  real  GNP  can  only  plausibly  be  interpreted  as  permanent  productivity 
improvements.  ^  Here  we  wish  to  consider  whether  accepting  that  there  is  a  stochastic  trend  in  the  aggregate 
production  technology  requires  one  to  believe  also  that  the  business  cycle  is  largely  due  to  (and,  in  essence,  an 
efficient  response  to)  stochastic  productivity  growth.  ^  This  issue  has  been  addressed  in  the  RBC  literature 
by  computing  the  predictions  of  a  "calibrated"  stochastic  growth  model  for  the  variability  of  output,  hours 
worked,  and  other  aggregate  quantities,  assuming  technology  shocks  of  the  size  indicated  by  some  measure 
of  the  variability  of  technical  progress.  The  question  posed  is  whether  even  in  the  absence  of  other  stochastic 
disturbances  to  the  economy,  one  would  expect  to  see  business  cycles  of  the  size  and  character  observed. 
Typically,  such  exercises  have  concluded  that  technology  shocks  alone  would  predict  variations  in  output 

'Thu»  Prescott  (1986)  writes:  These  [buaineM  cycle]  observatioiu  should  not  be  puzzling,  for  they  are  what  standard 
economic  theory  predicts.  For  the  United  States,  in  fact,  ...  given  the  nature  of  the  changing  production  possibility  set,  what 
would  be  puzzling  is  if  the  economy  did  not  display  these  large  fluctuations  in  output  and  employment..." 

2 See,  e.g.,  Blanchard  and  Fischer  (1989,  ch.   1). 

■"  We  will,  for  purposes  of  the  inquiry,  take  at  face  value  the  evidence  just  alluded  to.  Thus  we  will  not  here  question  whether 
one  can  really  be  certain  that  U.S.  real  GNP  has  a  unit  root,  or  whether  stochastic  productivity  growth  should  be  regarded 
as  an  exogenous  process  to  which  the  pattern  of  resource  allocation  must  adapt,  rather  than  an  endogenous  consequence  of 
changes  in  the  pattern  of  resource  allocation  that  may  be  ultimately  caused  by  shocks  of  another  sort. 


of  roughly  the  magnitude  observed  (see,  for  example,  Plosser  1989).  They  have  also  concluded  that  these 
fluctuations  have  the  right  characteristics,  in  the  sense  that  the  relative  volatility  of  quantities  such  as 
aggregate  consumption  and  investment  spending,  and  their  degree  of  co-movement  with  output  fluctuations, 
correspond  roughly  to  the  predictions  of  the  model.  Thus  it  is  argued  that,  granting  the  existence  of  the 
stochastic  technical  progress  and  the  essentied  correctness  of  the  neoclctssical  growth  model  used  to  generate 
the  predicted  effects  of  technology  shocks  on  aggregate  variables,  one  can  conclude  that  technology  shocks 
account  for  a  large  part  of  the  aggregate  fluctuations  that  are  observed.  Moreover,  it  is  suggested  that  such 
additional  variation  in  aggregate  quantities  as  may  be  due  to  other  independent  disturbances  makes  Uttle 
difference  for  the  overall  character  of  business  cycles. 

Here  we  undertake  a  similar  exercise,  but  using  a  different  diagnostic  for  whether  the  model  Ccin  account 
for  the  kind  of  business  cycles  that  we  observe.  We  argue  that  an  important  feature  of  observed  business 
cycles  is  variation  in  the  rate  at  which  output  cem  be  forecasted  to  grow  in  the  future.  Indeed,  it  seems  to 
us  that  this  is  an  essential  aspect  of  what  people  mean  when  they  refer  to  "business  cycles"  -  at  different 
points  in  time  (different  "phases  of  the  cycle"  in  the  language  popularized  by  Wesley  Mitchell)  the  outlook 
for  the  economy  is  different.  Note  that  output  growth  could  exhibit  substantial  variation  even  in  the  absence 
of  cycles  of  this  sort.  Output  might  be  a  random  walk,  so  that  the  probability  distribution  over  possible 
future  growth  patterns  would  at  all  times  be  the  same.  We  show  in  the  next  section  that  this  is  not  true 
for  aggregate  fluctuations  in  the  postwar  U.S.  -  instead,  there  are  significant  fluctuations  in  the  forecastable 
future  growth  in  output  and  other  aggregate  quantities.  ''  Indeed,  over  a  horizon  of  two  to  three  years,  we 
show  that  more  than  half  of  the  variation  in  output  growth  is  forecastable  (even  using  only  a  very  small  set 
of  forecasting  variables). 

We  then  ask  whether  a  stochastic  growth  model  would  predict  fluctuations  in  the  forecastable  changes 
in  aggregate  quantities  of  the  kind  observed.  We  show  that,  at  least  for  a  popular  variant  of  the  model 
often  used  in  the  RBC  literature,  the  answer  is  absolutely  not.  '  Under  a  standard  calibration  of  the  model 


*We  do  not,  of  cx>urse,  claim  originality  for  this  obeervation.  Since  Nelson  and  Plosser  first  directed  attention  to  the  extent 
to  which  aggregate  output  was  similar  to  a  random  walk,  and  argued  that  this  suggested  an  important  role  for  "supply  shodu" 
in  the  generation  of  observed  fluctuations,  many  authors  have  shown  that  output  is  not  in  fact  a  random  wetUt  (even  if  it  has 
a  "unit  root").  The  point  of  the  results  reported  here  is  to  characterize  the  forecastable  fluctuations  in  a  way  that  facilitates 
comparison  with  the  predictions  of  a  real  business  cycle  model. 

^Our  "baseline"  model,  including  the  parameter  calibration  that  we  use,  is  essentially  identical  to  the  model  with  a  random 
walk  in  tedmology  considered  by  Plosser  (1989)  and  by  King,  Plosser  and  Rebelo  (1988b)  [hereafter,  K-P-R].  The  model  of 
Christi£UK)  emd  Eichenbaum  (1992)  is  also  quite  similar,  though  certain  of  their  parameter  veJues  are  rather  different.  We  also 
discuss  below  the  consequences  of  variation  in  the  most  important  of  these  parameters. 


parameters,  the  variability  of  the  foreccistable  changes  in  output  predicted  by  the  model  is  much  smaller 
than  that  which  is  indicated  by  a  VAR  model  of  the  U.S.  data.  Essentially,  the  model  predicts  that  output 
should  be  much  closer  to  a  random  walk  than  is  actually  the  case. 

This  finding  is  related  to  an  observation  by  Watson  (1993),  who  shows  that  the  RBC  model  cannot 
explain  the  peak  of  the  spectrum  of  output  growth  at  business  cycle  frequencies.  It  is  also  related  to  the 
findings  of  Cogley  and  Nason  (1993),  who  criticize  several  variant  RBC  models  on  the  grounds  that  the 
models  cannot  account  for  the  observed  degree  of  serial  correlation  of  output  growth.  We  believe  that  we 
have  identified  an  even  greater  discrepancy  between  the  model  and  the  data  by  cinalyzing  several  variables 
simultaneously.  For  one  thing,  as  has  been  stressed  by  Cochrane  and  Sbordone  (1988),  Cochrane  (1994a), 
and  Evans  and  R«ichlin  (1993),  estimates  of  the  forecastability  of  output  growth  are  greatly  increased  by 
the  use  of  a  multivariate  system.  ® 

An  even  more  important  novelty  in  our  analysis  is  that  we  identify  three  features  of  the  co-movement 
of  various  forecasted  series  that  are  inconsistent  with  our  basic  stochastic  growth  model.  The  first  is  that 
predictable  movements  in  output  and  predictable  movements  in  the  average  product  of  labor  bear  little 
relation  to  each  other  and,  when  they  are  related  to  each  other,  they  are  often  negatively  correlated.  By 
contrast,  the  model  associates  predictable  increases  in  output  with  capital  accumulation  which  rciises  labor 
productivity.  Thus  predictable  movements  in  output  should  be  strongly  positively  associated  with  predictable 
movements  in  productivity.  The  second  is  that  predictable  increases  in  output  are  correlated  with  predictable 
increases  in  the  labor  input.  By  contrast,  under  standard  calibrations,  the  growth  model  imphes  that  the 
labor  input  should  be  above  its  long  run  value  when  output  is  below  its  long  run  value,  and  vice  versa,  so 
that  the  two  quantities  are  cilways  expected  to  move  in  opposite  directions.  Finally,  as  has  been  pointed 
out  repeatedly  (see  e.g.,  Campbell  1987,  Cochrane  1994a),  the  data  suggest  that  high  levels  of  the  ratio  of 
consumption  to  output  are  associated  with  increases  in  output  (and  with  smaller  increases  in  consumption). 
We  show  that  this  too  is  inconsistent  with  the  growth  model. 

We  thus  believe  that  we  have  identified  important  respects  in  which  a  simple  stochastic  growth  model 
does  not  predict  aggregate  fluctuations  of  the  kind  observed.  It  might  be  argued  that  this  is  a  fine  point, 
to  be  addressed  by  more  sophisticated  versions  of  the  RBC  model,  and  that  it  does  not  detract  from  the 


'The  problem  that  this  poses  for  real  biuiness  cycle  theory  is  also  discussed  in  Cochrane  (1994b). 


basic  model's  success  in  accounting  for  the  overeiil  variability  of  output,  investment,  and  so  on,  and  for  the 
correlations  between  overall  variations  in  these  variables.  However,  the  significance  that  one  attaches  to  the 
successes  typically  cited  in  the  RBC  literature  depends  upon  how  one  proposes  to  separate  out  the  "cyclical" 
movements  Ln  aggregate  quantities  from  the  trend  growth  in  those  quantities  (that  most  economists  would 
explain  in  terms  of  technical  progress,  regardless  of  their  view  of  the  cycle). 

One  simple  approach  to  characterization  of  the  cyclical  movements  that  a  business  cycle  theory  should 
explain  is  to  subtract  a  Unear  trend  from  (the  logarithm  of)  each  of  the  aggregate  time  series,  as  in  King, 
Plosser  and  Rebelo  (1988a).  This  approach,  however,  does  not  make  sense  if  one  accepts  the  evidence  referred 
to  above  for  the  existence  of  a  stochastic  trend.  An  alternative  approach,  used  by  many  authors  following 
Kydland  eind  Prescott  (1982),  is  to  extract  a  complicated  nonlinecir  trend  from  each  aggregate  time  series 
using  the  "Hodrick-Prescott  filter".  ^  This  allows  for  a  shifting  trend,  but  has  the  disadvantage  that  the 
shifting  trend  that  is  removed  from  the  data  (actually,  the  several  shifting  trends  that  are  extracted  from 
the  different  aggregate  series)  is  not  modeled;  the  theoretical  model  that  is  used  by  Kydland  and  Prescott  to 
explain  the  cyclical  variations  in  the  data  involves  no  trend  growth  at  all,  and  so  the  effects  of  shifts  in  the 
trend  on  the  variables'  deviations  from  trend  are  not  modeled.  This  not  only  cjists  doubt  upon  the  reliability 
of  the  authors'  numerical  results;  it  undermines  a  principal  intellectual  appeal  of  the  RBC  approach,  namely, 
the  prospect  of  an  integrated  theory  of  growth  and  the  cycle. 

Authors  such  as  K-P-R  and  Christiano  and  Eichenbaum  (1992)  avoid  this  dilemma  by  ctssuming  a  random 
walk  in  productivity.  In  this  case,  the  model  predicts  the  existence  of  a  stochastic  trend  in  real  activity,  and 
indeed  the  technology  shocks  that  are  to  explain  short-run  fluctuations  are  nothing  other  than  the  shifts 
in  this  stochastic  trend.  There  remziins,  however,  the  question  of  how  to  define  "cyclical"  variations  in  the 
presence  of  a  stochastic  trend.  These  authors  (and  hkewise  Plosser  (1989))  simply  discuss  the  unconditional 
moments  of  the  growth  rates  of  aggregate  quantities  such  as  output  and  investment,  on  the  ground  that 
both  according  to  the  theoreticcil  model  and  in  the  U.S.  data,  the  aggregate  quantities  are  non-stationary 
while  their  growth  rates  are  stationary  (and  so  have  well-defined  moments).  But  it  is  not  obvious  that  the 
features  of  the  aggregate  data  that  are  emphasized  in  this  way  should  be  taken  to  characterize  the  business 
cycle.  Probably  the  most  widely  accepted  proposal  for  defining  a  "cychcal"  component  of  time  series  of  this 


^For  discussion  of  the  properties  of  this  filter  and  comparison  with  other  methods  of  detrending,  see  King  and  Rebelo  (1993). 


kind  is  that  of  Beveridge  and  Nelson  (1981),  namely,  to  define  the  "trend"  component  of  a  random  variable 
(  A',  }  at  date  /  as  * 

Xl"""  =    lim   Et[X,+T  -  T\ogjx]  (1) 

T  — oo 

where  the  constant  jx  is  the  unconditional  expected  rate  of  growth  of  X .  The  "cyclical"  component  is  then 

v-cyc       ^_       X    —   V"^"'* 

=      lim  Et[Xt  -  Xt+T  +  riog7x] 

T  —  oo 

But  in  this  case,  the  cyclical  component  is  exactly  the  forecastable  cbunge  in  the  variable,  over  an  infinite 
horizon.  Identification  of  the  degree  of  cyclical  variation  in  various  aggregate  quantities,  and  of  the  co- 
movements  in  these  cycUcal  variations,  then  amounts  to  the  analysis  of  the  forecastable  changes  in  those 
variables.  The  only  difference  in  our  approach  is  that  we  also  consider  forecastable  changes  over  shorter 
horizons,  and  in  fact  we  give  greatest  emphetsis  to  the  forecatstable  changes  over  a  two-  to  three-yesir  horizon. 
One  reason  for  this  is  that  we  find  evidence  in  the  U.S.  data  for  a  pcirticularly  high  degree  of  forecastability 
of  output  growth  over  this  horizon,  and  it  seems  natural  to  us  to  identify  exactly  this  phenomenon  as  "the 
business  cycle".  If  one  does  so,  however,  one  must  conclude  that  the  stochastic  growth  model  cannot  account 
at  all  for  either  the  existence  or  nature  of  the  cycle. 

Of  course,  a  more  complex  RBC  model  might  do  better  at  explsiining  the  cycle  in  this  sense.  In  particular, 
the  assumption  of  a  significant  forecjistable  component  to  productivity  growth  (instead  of  a  random  walk) 
ought  to  result  in  a  prediction  of  much  more  forecastable  output  growth  as  well.  We  discuss  some  simple 
alternative  models  of  technical  progress  in  section  6  below,  but  do  not  intend  to  consider  this  problem  in 
any  generality.  Instead,  our  main  point  is  that  a  model  with  stochastic  growth  need  not  possess  a  business 
cycle  to  any  significant  extent,  and  insofar  as  one  does,  the  features  of  the  model  that  account  for  the  cycle 
will  be  largely  independent  of  those  that  account  for  the  stochastic  trend.  This  point  remains  valid  whether 
the  cycle  is  ultimately  due  to  transitory  exogenous  shocks  to  productivity,  or  to  shocks  of  some  other  kind. 
Thus  the  mere  fact  that  stochastic  productivity  growth  can  be  inferred  from  the  presence  of  a  stochastic 
trend  in  output  does  not,  in  itself,  provide  support  for  the  real  business  cycle  hypothesis  as  to  the  source  of 
the  cycle. 


'Here  we  assume  th»t  {AXi)  is  stationary. 


In  section  1,  we  document  the  forecastable  changes  in  output  and  other  aggregate  quantities  for  the 
postwar  U.S.,  using  a  simple  vector  autoregression  (VAR)  framework.  In  addition  to  showing  the  importance 
of  these  forecastable  changes,  we  show  that  a  definition  of  "the  business  cycle"  in  terms  of  variations  in 
forecasted  private  output  growth  coincides  empirically  with  other  familiar  definitions;  for  example,  we  show 
that  our  dating  of  cycles  on  these  grounds  would  be  similar  to  the  NBER's,  or  to  what  one  would  obtain 
from  a  simple  linear  detrending  of  (the  logarithm  of)  private  output.  In  section  2,  we  review  the  predictions 
of  a  simple  stochastic  growth  model  (the  real  business  cycle  model  of  K-P-R)  regarding  forecastable  changes 
in  aggregate  quantities.  In  section  3,  we  present  the  numerical  predictions  from  a  calibrated  version  of  the 
model  (intended  to  match  the  U.S.  economy)  and  compare  them  to  our  empirical  results.  Section  4  considers 
the  effect  of  varying  the  preference  parameters  of  the  model.  We  show  that  this  can  help  the  model  explaun 
certain  features  of  the  forecastable  components  of  output,  consumption  and  hours  but  only  at  the  expense 
of  more  counterfactual  implications  concerning  the  unforecastable  movements  in  these  variables.  Section  5 
shows  that  our  conclusions  are  robust  both  with  respect  to  transitory  measurement  error  in  various  series 
and  to  the  presence  of  certain  other  types  of  transitory  disturbances.  Section  6  briefly  considers  alternative 
stochastic  processes  for  technology,  auid  Section  7  concludes. 

2      Forecastable  Movements  in  Output,  Consumption  and  Hours 

In  this  section  we  describe  the  statistical  properties  of  aggregate  U.S.  output,  consumption,  and  hours, 
with  particular  attention  to  the  existence  of  a  "business  cycle"  in  the  sense  of  forecastable  changes  in  these 
variables.  We  use  a  three- variable  VAR  to  characterize  these  forecastable  movements. 

Our  results  obviously  depend  upon  the  VAR  specification  used,  and  so  we  discuss  our  reasons  for  particular 
interest  in  the  system  that  we  estimate.  First  of  all,  we  wish  to  compare  the  properties  of  the  U.S.  data 
to  the  predictions  of  a  standard  stochastic  growth  model.  This  requires  that  we  use  series  that  represent 
empirical  correlates  of  variables  that  are  determined  in  that  model.  The  RBC  literature  has  stressed  its 
predictions  for  the  movements  in  aggregate  output,  consumption,  and  hours.  Moreover,  the  estimation  of 
a  joint  stochastic  process  for  these  variables  also  implies  processes  for  labor  productivity  (output  per  hour) 
and  investment  (output  that  is  not  consumed).  Thus,  we  are  in  fact  estimating  the  joint  behavior  of  all  of 
the  variables  with  which  the  model  is  concerned. 


We  do  not  Include  in  our  forecasting  regressions  certain  variables,  such  cis  interest-rate  spreads,  that  have 
been  argued  by  Friedman  euid  Kuttner  (1992)  and  others  to  be  useful  in  forecasting  output.  The  reason 
IS  that  the  co-movement  of  these  variables  with  output  is  not  modeled  in  the  standard  growth  model.  Of 
course,  it  might  be  considered  a  defect  of  the  model  that  it  does  not  explain  relationships  of  that  kind,  if 
they  are  in  fact  found  useful  in  forecasting.  But  here  we  wish  to  consider  the  extent  to  which  an  RBC  model 
correctly  explains  the  co-movements  of  the  variables  that  it  clearly  aims  to  explain.  Also,  the  variables  that 
we  study  here  are  ones  that  must  be  modeled  in  any  business  cycle  theory,  so  that  our  characterization  of 
the  data  should  prove  useful  in  the  evaluation  of  a  wide  range  of  potential  theories. 

Secondly,  we  wish  to  avoid  the  contrasting  pitfalls  of  underestimating  the  forecjistability  of  aggregate 
fluctuations  due  to  omission  of  useful  forecasting  variables  on  the  one  hand,  and  of  overestimating  their 
forecaistability  due  to  insufficient  degrees  of  freedom  on  the  other.  To  avoid  overfitting,  we  use  a  smjill  VAR 
with  only  a  few  lags.  On  the  other  hsuid,  the  few  variables  used  are  ones  that  are  expected  to  be  useful  in 
the  identification  of  forecastable  output  growth.  Because  we  are  interested  in  forecjistable  output  growth, 
output  growth  itself  must  be  one  of  the  variables  in  our  system. 

It  follows  from  simple  "permanent  income  hypothesis"  considerations  that  the  consumption  share  in 
output  should  foreczist  future  output  growth,  and  the  usefulness  of  the  consumption  share  as  a  forecasting 
variable  has  been  verified  by  Campbell  (1987),  Cochrane  Jind  Sbordone  (1988),  Cochrane  (1994a),  and  King, 
Plosser,  Stock  and  Watson  (1991)  [hereafter,  K-P-S-W].  Likewise,  the  idea  that  variations  in  the  labor  input 
can  be  used  to  predict  future  changes  in  output  has  been  used  to  identify  temporary  output  fluctuations 
in  a  VAR  framework  by  Blancheu^d  and  Qucih  (1989)  and  Evans  (1989).  *  Furthermore,  as  we  explain  in 
the  next  section,  the  stochastic  growth  model  implies  that  expected  growth  is  a  function  of  a  certain  state 
variable  (the  aggregate  capital  stock  deflated  by  the  labor  force  and  the  state  of  technology).  According  to 
that  model,  both  the  consumption-output  ratio  and  hours  relative  to  the  labor  force  should  also  be  functions 
of  that  state  variable,  and  hence  either  variable  should  supply  aU  of  the  information  that  is  relevant  for 
forecasting  future  output  growth. 

We  still  face  a  choice  between  several  possible  measures  of  output,  consumption  and  hours.   One  issue 


'Th«««  authors  u»«  the  unemployment  rate,  rather  than  hours,  as  their  measure  of  variations  in  the  labor  input.  For  our 
purposes,  hours  are  preferable,  because  of  their  clearer  relation  to  the  labor  input  with  which  the  RBC  model  is  concerned. 
Because  detrended  private  hours  are  stationary,  as  discussed  below,  they  can  serve  as  a  cyclical  indicator  in  a  way  smular  to 
the  unemployment  rate. 


is  how  to  deal  with  hours  and  output  purchased  by  the  government,  given  that  versions  of  the  model  used 
m  the  RBC  Uterature  generally  ignore  government  altogether.  We  have  chosen  to  interpret  the  standard 
model  as  a  model  of  fluctuations  in  pr;vate  output  and  hours;  we  explain  in  the  next  section  how  such  an 
interpretation  is  possible  even  when  the  government  does  hire  some  hours  and  purchase  some  of  private 
output.  '"  As  a  consequence,  our  output  measure  is  real  private  value  eidded,  ''  emd  our  hours  measure  is 
hours  worked  in  the  private  sector.  '^ 

Another  issue  is  the  choice  of  a  measure  of  consumption.  Because  the  consumption  decision  modeled  in 
the  standard  growth  model  is  demand  for  a  non-durable  consumption  good,  we  use  consumer  expenditure 
on  non-durables  and  services  as  our  measure  of  consumption.  This  is  also  the  consumption  measure  that 
one  has  the  most  rejison  to  expect  to  forecast  future  output  on  permanent-income  grounds,  and  it  is  the 
one  used  in  the  studies  of  output  forecastability  mentioned  above.  This  choice  has  the  consequence  that  we 
identify  consumer  durables  purchases  as  part  of  "investment"  in  the  growth  model. 

A  further  issue  is  how  to  deal  with  growth  of  the  labor  force  (also  typically  ignored  in  the  literature).  In 
the  next  section,  we  construct  a  model  with  deterministic  growth  in  the  available  labor  force  and  show  that 
it  impUes  that  hours  must  be  trend  stationary.  This  implication  is  borne  out  by  the  data.  The  last  column 
of  Table  I  reports  a  rejection,  using  a  Dickey-Fuller  test,  of  the  hypothesis  that  private  hours  have  a  unit 
root  once  one  allows  for  a  deterministic  trend.  '^ 

The  time  series  that  we  use,  then,  are  the  logarithms  of  private  output,  consumption  of  nondurables 


'"By  this  we  do  not  mean  to  assert  that  we  present  a  model  in  which  government  purchases  have  no  effect  upon  the 
determination  of  private  aggregates;  our  model  assumes  that  government  purchases,  while  non-trivial  in  size,  are  noti-stochastic. 
While  this  specification  would  obviously  be  contradicted  by  the  data  on  government  purchases,  we  cannot  model  them  in  a 
more  realistic  way  without  considering  a  more  complex  model  -  in  particular,  a  model  with  multiple  stochastic  disturbances  to 
the  economy.  A  similar  caveat  applies  to  our  treatment  of  population  growth. 

"We  measure  real  private  value  added,  or  "private  output",  as  the  difference  between  real  GNP  and  government  sector 
vetlue-eulded,  both  measured  in  1982  dollars. 

'^Our  measure  of  "private  hours"  is  total  man-hours  reported  by  non-agricultural  establishments,  minus  man-hours  employed 
by  the  government.  We  are  thus  implicitly  assuming  that  changes  in  agricultural  hours  are  proportional  to  changes  in  private 
non- agricultural  hours.  Because  our  sole  concern  below  is  with  variations  in  the  logarithm  of  private  hours,  the  multiplication 
of  our  measure  by  a  constant  factor  greater  than  one,  to  reflect  the  presence  of  agricultural  hours,  would  not  affect  any  of  our 
results. 

'''Shapiro  and  Watson  (1988)  show,  by  contrast,  that  one  cannot  reject  the  hypothesis  that  total  hours  are  non-stationary 
when  one  does  not  control  for  a  deterministic  trend.  Given  the  growth  in  both  population  and  in  labor  force  participation, 
their  finding  is  not  surprising.  K-P-R  show  instead  that  per  capita  hours  are  stationary.  We  do  not  use  per  capita  hours  for 
two  reasons.  The  first  is  that  per  capita  hours  have  a  slight  deterministic  trend  of  their  own  which  is  probably  due  to  varymg 
participation  rates;  that  is,  if  one  iJlows  for  a  trend  in  an  autoregression  of  per  capita  hours,  one  can  reject  the  hypothesis  of 
a  zero  coefficient  on  the  trend  (even  though  the  series  passes  some  tests  of  stationarity,  and  the  estimated  trend  growth  rate  is 
small).  Second,  the  use  of  per  capita  variables  would  require,  for  consistency,  that  population  growth  enter  as  a  state  variable  of 
our  theoretical  model.  In  this  case,  stochastic  variations  in  population  growth  would  become  a  second  source  of  disturbances  to 
the  model,  in  addition  to  stochastic  technical  progress.  This  conclusion  would  be  avoided  only  if  we  were  to  assume  deterministic 
population  growth,  in  which  case  the  use  of  detrended  hours  and  per  capita  hours  would  be  equally  appropriate. 


and  services,  and  detrended  private  hours.  Because  we  use  lower  case  letters  to  denote  the  logEirithm  of 
the  respective  upper  case  letters,  these  variables  are  denoted  by  j/,,  c,  and  /it  respectively.  '"*  As  K-P-R 
emphasize,  a  standard  growth  model  with  a  random  walk  in  technology  implies  that  y,  and  c,  should  be 
difference-stationary,  and  these  two  variables  should  be  co-integrated,  since  C|  —  t/i  is  predicted  to  be  a 
stationary  variable.  Table  1  shows  that  our  data  are  consistent  with  these  predictions  as  well.  One  can 
reject  the  hypothesis  that  the  consumption  share  and  the  rate  of  growth  of  private  output  have  unit  roots 
at  the  1%  significance  level.  The  difference-stationjirity  of  consumption  and  output,  and  the  stationarity  of 
the  consumption-output  ratio,  are  also  reported  in  K-P-S-W,  where  the  issue  is  discussed  in  more  detail. 
Hence  our  VAR  specification  is  ^* 

z,  =  Az,.i+(,  (2) 


/here 


zt  = 


(  t^Vi  \ 

(c(  -yx) 

/>, 

Ay,_i 

(c,_i  -y,_i) 


and 


I  ^\  \ 

^? 
0 
0 

V  0  / 


and  only  the  first  three  rows  of  A  need  to  be  estimated.  This  autoregression  includes  only  two  lags.  One 
reaison  for  ignoring  further  lags  is  that,  when  we  included  them,  these  were  generally  not  statistically  signif- 
icantly different  from  zero.  '®  A  second  reason  is  that  we  want  to  avoid  overfitting  our  VAR.  Overfitting 
is  a  particular  concern  in  that  it  could  lead  us  to  overstate  the  extent  to  which  aggregate  variables  are 
forecastable,  and  thus,  the  extent  to  which  they  are  subject  to  cyclical  movements.  Table  1  also  presents 
the  estimates  from  our  VAR.  As  can  be  seen  from  the  Table,  most  parameters  are  statistically  diflTerent  from 


zero. 


We  now  turn  to  the  characterization  of  aggregate  fluctuations  that  can  be  obtcuned  from  the  joint  stochas- 
tic process  for  these  three  time  series.  In  Table  2,  we  present  the  estimated  values  for  several  unconditional 
second  moments  of  the  data,  of  the  kind  that  have  been  emphasized  in  the  RBC  literature.  We  focus  on 
the  behavior  of  private  output  t/i,  consumption  c, ,  investment  «, ,  detrended  private  hours  /i<,  and  labor 


'*We  reserve  the  notation  Lt  for  private  hours,  prior  to  detrending. 

"Note  that  a  VAR  of  this  sort  is  equivalent,  except  in  the  way  that  lags  are  truncated,  to  an  error-correction  model  of  the 
kind  estimated  by  K-P-S-W  and  by  Cochrane  (1994a,  1994b). 

"Adding  either  just  a  third  or  both  a  third  and  a  fourth  lag  of  all  variables  leads  to  just  two  coefficients  that  are  statistically 
significant  at  the  5%  level:  the  third  Lag  of  detrended  hours  is  a  significant  explanator  of  both  the  growth  in  output  and  of  the 
consumption  share. 
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productivity  p(.  We  have  discussed  above  the  measures  that  we  use  for  output,  consumption  and  hours;  the 
other  two  series  are  constructed  from  these,  to  ensure  that  our  data  satisfy  the  accounting  identities  Unking 
these  quantities  in  the  theoretical  model.  Thus  we  construct  a  series  for  the  growth  rate  of  investment  using 
only  our  data  on  the  growth  in  output  and  consumption,  using  the  relation 

scAc,  +  (1  -  sc)A«,  =  Ay, 

In  the  next  section  we  derive  this  accounting  relation  for  our  theoretical  model,  from  explicit  assumptions 
about  government  behavior.  To  compute  A/  using  this  formula,  we  need  to  know  sc  The  ratio  sc/{l  —  sc)  is 
the  average  ratio  of  consumption  to  investment  spending.  Using  postwar  U.S.  data,  and  letting  consumption 
be  equal  to  consumer  expenditure  of  nondurables  and  services  while  investment  equals  the  sum  of  gross  fixed 
investment  and  consumer  spending  on  durables,  we  obtEiin  an  sc  equal  to  0.70.  We  similarly  construct  our 
series  for  growth  in  labor  productivity  from  our  series  for  growth  of  output  and  hours,  using  the  relation 

Ap,  =  Ay,  -  A/i, 

(This  follows,  up  to  a  constant,  from  the  standard  definition  of  average  labor  productivity.)  The  first  column 
of  Table  2  presents  the  unconditional  standard  deviations  of  the  (stationary)  growth  rate  of  private  output, 
the  ratios  of  the  unconditional  standard  deviations  of  the  growth  rates  of  each  of  the  other  aggregates  just 
mentioned  to  the  standard  deviation  of  output  growth,  and  a  number  of  unconditional  correlations  among 
these  series.  As  is  emphzisized  in  the  RBC  literature,  investment  growth  is  more  volatile  than  output  growth 
while  consumption  growth  is  less  so;  productivity  growth  exhibits  considerable  variability;  and  the  growth 
rates  of  consumption,  investment,  hours  and  productivity  are  all  strongly  positively  correlated  with  growth 
in  output.  (The  second  column  presents  the  theoretical  predictions  of  the  calibrated  stochastic  growth  model 
discussed  in  the  next  section.) 

We  next  compute  the  expected  changes  in  each  of  these  aggregates  implied  by  our  VAR  model.    We 

—  Ic 

denote  the  difference  between  the  expected  value  at  time  (  of  y,+t  and  the  current  value  of  y,  by  Ay, .  This 
is  given  by 

Ay1  =  B'^Z,  B^^e'iiA  +  A^  +  A^'  +  .-.  +  A')  (3) 

where  ei  is  a  vector  that  has  a  one  in  the  first  position  eind  zeros  in  all  others.  For  the  case  where  i;  =  oo, 
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we  have  (rrunus)  the  Beveridge-Nelson  definition  of  the  cyclical  component  of  log  V, ,  which  is  given  by 

£y7  =  e\{l  -  A)-' AZt 

The  expected  percent  change  in  consumption,  AC,  is  similarly  given  by 

A~cJ  =  A^*  +  e'^A^Zt  -{ct-y,)  =  B^cZ,  (4) 

where  63  is  a  vector  whose  second  element  equeds  one  while  the  others  equal  zero  and  the  second  equality 
defines  flj.  The  expected  percent  chcinge  in  hours  is  given  by 

Ah,  =  e'^A^Zt  -ht  =  B^^  (5) 

where  63  is  defined  analogously  to  ei  and  ej  while  the  second  equality  defines  S*.  The  expected  percentage 
changes  in  investment  and  in  productivity  are  then  computed  as  linear  combinations  of  these. 
Letting  V  denote  the  variance-covariance  matrix  of  Z,  the  variance  of  At/    is 

Sj'Vfl*  (6) 

and  similarly  for  the  variances  of  the  expected  changes  in  each  of  the  other  aggregates.  The  standard 
deviations  for  these  expected  changes  are  presented  in  Table  3.  This  table  also  presents  a  measure  of 
uncertainty  for  these  standard  errors.  This  measure  of  uncertainty  is  the  standard  deviation  of  the  estimate 
based  on  the  uncertainty  concerning  the  elements  of  A.  "^ 

The  table  shows  that  the  standard  error  of  the  expected  changes  for  output  grows  as  the  horizon  lengthens 
from  one  to  twelve  quarters.  The  largest  predictable  movements  occur  in  the  next  twelve  quarters  and  the 
standard  deviation  of  these  predictable  movements  is  above  3.2%.  This  number  can  be  compared  to  that  in 
the  next  to  last  column,  which  gives  the  standard  deviation  of  the  unpredictable  movements  in  output  over 
the  same  horizon.  This  standard  deviation  equals  only  3.0%.  Thus  the  size  of  the  predictable  movements 
over  the  next  three  years  exceeds  the  size  of  the  unpredictable  movements.  This  fact  is  reflected  in  the 
last  column,  which  gives  the  ratio  of  the  variance  of  the  expected  changes  over  the  total  variance  of  output 
changes.  This  measure  of  R^  is  even  slightly  higher  (equal  to  .55)  at  the  8  quarter  horizon,  due  to  the  lower 
variance  of  the  unpredictable  movements  at  the  shorter  horizon. 


"We  computed  the  vector  of  derivatives  D  of  each  standard  deviation  with  respect  to  the  elements  of  A.    The  variance  of 
our  estimate  is  then  D'CID  where  Q  is  the  variance-covariance  matrix  of  the  elements  of  A. 
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For  horizons  larger  than  12  quarters,  both  the  R^  and,  more  surprisingly,  the  size  of  expected  output 
changes  falls.  However,  the  decUnes  in  the  size  of  this  predictable  components  are  very  small  Jind,  indeed,  aie 
not  statistically  different  from  zero  given  the  uncertainty  about  the  parameters  of  A.  '*  On  the  other  hand, 
the  difference  between  the  predictabihty  of  output  growth  at  short  horizons  and  the  predictability  of  output 
growth  over  the  next  two  to  three  years  is  both  substantial  and  statistically  significant.  The  high  frequency 
movements  in  output  are  largely  unpredictable:  less  than  a  third  of  the  variance  of  output  is  predictable 
over  the  next  quarter.  By  contrast,  output  movements  over  two  to  three  yezirs  aie  dominated  by  predictable 
"cyclical"  components  which  are  our  main  focus  of  attention  in  this  paper. 

Since  the  size  of  these  predictable  movements  is  largest  at  the  12  quarter  horizon,  we  focus  mostly  on  this 
horizon.  (We  also  prefer  this  to  a  longer  horizon  because  the  predictable  movements  over  a  shorter  horizon 
can  be  estimated  with  greater  precision.)  However,  it  is  important  to  reaUze  that  the  expected  movements 
in  output  over  the  next  eight,  twelve  or  infinite  quarters  are  very  similar  to  each  other.  To  see  this,  Figure 
1  graphs  the  demeaned  expected  declines  in  output  over  these  three  horizons  using  the  same  scale.  We 
show  expected  dechnes,  as  opposed  to  expected  increases,  because  recessions  ought  to  be  associated  with 
expected  incresises  in  output  and  we  wish  to  represent  these  as  low  vjJues  for  our  cyclical  indicator.  In  this 
Figure  we  have  also  indicated  the  troughs  of  recessions  as  determined  by  the  NBER.  We  see  that  output  is 
expected  to  grow  fast  at  these  NBER  troughs  so  that  expected  output  declines  have  some  similarity  with  this 
particular  business  cycle  indicator.  '^  It  is  worth  noting,  however,  that  our  cyclical  indicator  tends  to  reach 
its  lowest  value  one  quarter  after  the  NBER  troughs.  The  reason  may  be  that  the  NBER  uses  subsequent 
information  to  construct  its  chronology  of  troughs.  Thus  the  end  of  the  recession  is  defined  to  occur  just 
before  output  grows  more  than  it  wjis  expected  to.  This  positive  innovation  in  output  cannot  be  predicted 
with  our  method.  On  the  other  hand,  this  positive  innovation  tends  to  raise  predicted  output  growth  since 
lagged  output  growth  predicts  future  output  growth  to  some  extent. 

In  Figure  2,  we  superimpose  our  measure  of  expected  decUnes  over  the  next  twelve  quarters  with  linearly 
detrended  values  of  our  output  measure  itself.  The  Figure  shows  that  our  cycliczil  indicator  is  very  closely 
associated  with  detrended  private  value  added.   There  are  some  interesting  differences,  however.    First,  as 


"Thus  a  possible  interpretation  of  our  findings  would  be  that  output  is  expected  to  have  essentially  completed  the  adjustment 
to  its  long-run  value  within  a  f>eriod  of  two  to  three  years,  after  which  little  further  change  in  output  can  be  forecasted. 

'^The  one  case  where  the  indicators  differ  is  in  the  case  of  the  last  recession.  As  would  be  suggested  by  our  series,  the  recovery 
from  this  "trough"  was  initially  weak. 
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with  the  NBER  troughs,  detrended  output  appears  to  lejid  slightly  our  business  cycle  indicator.  Once  again, 
this  may  be  due  to  the  fact  that  unpredictable  upturns  in  activity  are  responsible  for  the  turning  points  of 
the  detrended  output  series.  ^° 

The  two  lines  also  differ  in  some  of  their  low  frequency  aspects.  First,  our  predicted  output  growth  series 
is  relatively  smaller  in  the  1960's  than  the  deviation  from  a  linear  trend.  While  the  linear  detrending  method 
attributes  all  the  unusually  large  growth  in  the  1960's  to  an  abnormally  large  cycUcal  expansion,  our  method 
attributes  some  of  it  to  variables  that  affect  steady  state  output.  By  the  same  token,  linearly  detrended 
output  falls  more  in  the  1970's  than  our  series.  Finally,  in  the  1980's  linearly  detrended  output  remains  low 
in  part  because  the  high  growth  of  the  1960's  did  not  persist.  By  contrast,  our  series  treats  the  Reagan 
expansion  as  unusually  large. 

In  addition  to  forecastable  output  movements,  we  find  some  forecastable  consumption  movements  as  well. 
^'  As  Table  3  shows,  the  volatility  of  expected  consumption  growth  is  substantially  smaller  than  the  volatility 
of  expected  output  growth.  This  is  not  very  surprising  given  that  the  volatility  of  overall  consumption  growth 
is  smaller  than  the  volatility  of  output  growth.  What  is  notable  about  the  behavior  of  consumption  is  that 
the  relative  variability  of  consumption  is  particularly  small  at  short  horizons.  Expected  consumption  changes 
are  less  than  half  as  large  as  output  changes  at  horizons  of  under  one  year.  As  the  horizon  lengthens,  the 
standard  deviation  of  expected  consumption  changes  keeps  growing  while  that  of  output  does  not.  The 
result  is  that  the  standard  deviation  of  the  difference  between  expected  long  run  consumption  and  current 
consumption  is  about  88%  as  large  as  the  corresponding  standard  deviation  for  output.  Table  3  also  shows 
that  expected  investment  growth  is  more  volatile  than  expected  growth  in  output.  This  is  not  surprising 
given  that  expected  growth  in  consumption  is  less  volatile  than  expected  growth  in  output.  The  magnitude 
of  the  expected  changes  in  hours  worked  reported  in  Table  3  is  very  similar  to  that  of  expected  changes  in 
output.  This  may  seem  surprising  given  that  K-P-R  report  that  the  standard  deviation  of  the  growth  in 
hours  is  only  80%  as  large  as  the  standard  deviation  of  the  growth  in  output.  Finally,  Table  3  reports  the 


^°FW>in  a  purely  mechaaicaj  point  of  view  the  finding  that  our  indicator  lags  behind  output  is  not  surprising  since  our 
indicator  is  heavily  influenced  by  hours  worked,  which  are  known  to  lag  behind  aggregate  activity.  This  raises  the  question 
of  whether  our  cyclical  indicator  would  have  been  different  if  we  bad  allowed  detrended  output  to  influence  it.  To  check  this 
we  ran  a  regression  erplaining  output  growth  with  our  variables  and,  in  addition,  one  lag  of  detrended  output.  The  coefficient 
on  detrended  output  was  statistically  inaignific/uit  and  the  other  coefficient  estini<Ues  did  not  change.  Thus  hours,  the  ratio  of 
consumption  to  output,  and  the  rate  of  growth  of  output  contain  substantially  more  information  about  future  output  growth. 

^'  The  existence  of  such  movements  -  a  violation  of  a  simple  version  of  the  rational-expectations  permanent  income  hypothesis 
-  has  been  demonstrated  before  (e.g.,  Campbell  and  Mankiw,  1989). 
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volatility  of  expected  changes  in  labor  productivity.  At  horizons  above  one  year,  the  standard  deviation  of 
this  is  less  than  one  third  of  the  standard  deviation  of  expected  output  growth. 

In  Tables  4  and  5  we  give  further  statistics  that  describe  the  behavior  of  cyclical  output,  consumption  and 
hours  indicated  by  our  VAR  model.  Table  4  is  devoted  to  studying  which  of  our  regressors  is  particuleirly 
responsible  for  forecasting  output  growth  at  various  horizons.  Table  5  focuses  inste2id  on  the  expected 
co-movements  of  the  five  aggregate  variables. 

Table  4  gives  the  correlations  of  Aj/,  and  the  value  at  t  of  our  three  regressors,  Aj/i,  (c(  —  y, )  and  /»,. 
The  forecast  of  output  growth  in  the  next  quarter  is  most  highly  correlated  with  current  output  growth.  By 
contrast,  the  other  two  variables,  especially  detrended  hours,  are  more  useful  for  predicting  output  growth 
over  longer  horizons.  Thus  hours  prove  to  be  an  important  indicator  of  the  current  state  of  the  business 
cycle. 

Table  5  presents  regression  coefficients  of  the  expected  changes  in  c,  h,  p  and  «  on  expected  changes  in  y. 
These  coefficients  indicate  the  percentage  by  which  a  given  variable  can  be  expected  to  change  if  one  knows 
that  output  is  expected  to  increase  by  one  percent.  The  covjiriance  between  expected  consumption  growth 
over  the  next  k  quarters  and  expected  output  growth  over  this  same  interval  is  given  by  B^'VBy.  Thus,  the 
regression  coefficient  relating  changes  in  c  at  horizon  k  to  the  changes  in  y  over  the  same  period  is  given  by 


S^'Vfl* 


(7) 


The  other  coefficients  can  be  computed  analogously. 

Table  5  indicates  that  the  elasticity  of  expected  consumption  growth  with  respect  to  expected  output 
growth  equeils  about  one-fourth  for  a  one  quarter  horizon.  It  grows  with  the  horizon  so  that  it  exceeds 
one-half  for  the  infinite  horizon.  Given  that  the  standard  deviation  of  consumption  changes  is  smaller  than 
that  for  output,  it  is  not  surprising  that  consumption  does  not  respond  one  for  one  to  expected  changes  in 
output.  While  expected  consumption  growth  is  not  very  elaustic  with  respect  to  expected  output  growth, 
investment  growth  is,  and  this  is  consistent  with  the  large  volatility  of  investment  changes. 

Expected  hours  growth  responds  nearly  one  for  one  to  expected  changes  in  output.  As  a  result,  expected 
productivity  is  largely  unrelated  to  expected  changes  in  output.  This  lack  of  correlation  may  be  surprising 
given  that  output  growth  is  generally  positively  correlated  with  productivity  growth.   The  table  indicates 
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that  this  correlation  is  due  mainly  to  unexpected  changes  in  either  output  or  productivity.  The  data  are 
thus  consistent  with  the  idea  that  measured  productivity  growth  is  strongly  associated  with  current  shocks. 
The  regression  coefficients  in  Table  5  can  be  used  together  with  the  standard  deviations  reported  in  Table 
3  to  compute  correlations  between  expected  changes  in  consumption  and  hours  on  the  one  hand  and  expected 
changes  in  income  on  the  other.  Particularly  for  horizons  above  8  quarters  the  regression  coefficients  of  both 
consumption  and  hours  are  close  to  the  ratio  of  their  respective  standard  deviations  to  that  of  expected 

—  t  — k  -^k  —  k 

output  growth.  If  they  were  equal,  Ay  and  Ac  (or  Ay  and  A/»  )  would  be  perfectly  correlated.  As  it  is, 
the  correlation  between  expected  changes  is  high  but  not  equal  to  one.  The  correlation  between  expected 
consumption  growth  over  the  next  8  quarters  and  expected  output  growth  is  .79  while  that  between  expected 
hours  growth  and  expected  output  growth  is  0.97.  The  high  values  of  these  correlations  suggest  that  there 
is  a  single  underlying  state  variable  that  determines  the  position  of  the  economy  in  the  business  cycle  and 
hence  the  evolution  of  expected  output,  consumption  and  hours. 

In  the  stochastic  growth  model  that  we  consider  in  the  next  section,  there  is  a  state  variable  of  this  sort. 
As  we  show,  this  state  variable  is  the  ratio  of  the  current  capital  stock  to  the  capital  stock  that  is  expected 
to  exist  in  the  infinite  future.  The  question  then  becomes  whether  this  state  variable  can  explain  the  size 
and  nature  of  the  movements  and  co-movements  documented  in  this  section. 

3      A  Simple  Stochastic  Growth  Model 

In  this  section  we  describe  the  structure  of  a  stochastic  growth  model,  the  predictions  of  which  we  wish  to 
compare  with  the  properties  of  the  aggregate  time  series  just  discussed.  The  model  extends  the  stochastic 
growth  model  of  Brock  and  Mirman  (1972)  to  allow  for  a  labor-leisure  choice;  it  is  essentially  identical  to  the 
model  anjilyzed  in  K-P-R  and  in  Plosser  (1989).  We  consider  this  variant,  rather  than  familiar  alternatives 
such  as  the  models  analyzed  in  Prescott  (1986),  because  it  implies  a  stochastic  trend  of  the  kind  assumed 
in  our  treatment  of  the  data.  The  primary  innovations  in  our  own  presentation  of  the  model  are  exphcit 
treatment  of  government  purchases  and  labor  force  growth,  in  order  to  tighten  the  relation  between  the 
theoretical  model  and  our  time  series.  "^^ 


^^The  predictioiu  of  the  model  that  we  present  here  are  in  fact  almost  identical  to  those  of  the  K-P-R  model.  We  contrive  our 
treatment  of  the  govemment  so  that  our  model's  predictions  regarding  the  evolution  of  (private)  capital,  hours,  consumption, 
and  output  are  identical  to  tho«e  of  a  model  with  no  govemment. 
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Consider  an  econonny  made  up  of  a  fixed  number  of  identical  infinite-lived  households.  We  will  suppose 
that  there  is  growth  over  lime  in  an  exogenous  state  variable  A',  that  we  refer  to  as  the  size  of  the  labor 
force,  -•'  but  that  in  our  model  simply  represents  a  change  in  the  preferences  of  the  representative  household. 
(Each  household  may  be  supposed  to  be  mjide  up  of  many  individuals  whose  number  may  grow  with  time.) 
The  representative  household  seeks  to  maximize  the  expected  value  of  Ufetime  utility 

°°  /  f  tot  \ 

t=o  ^  '  ' 

where  /?  is  a  constant  discount  factor,  Cj  again  denotes  consumption  by  the  members  of  the  household  in 
period  t,  and  L\°'  denotes  per  total  hours  worked  by  the  members  of  the  household  in  period  t.  We  let 
i/,'°'  =  L\°^ /Nt  be  total  hours  worked  as  a  ratio  to  the  available  labor  force.  The  single-period  utility 
function  u(C,H)  is  concave,  increaising  in  C,  and  decreasing  in  H. 

In  order  to  ensure  the  existence  of  a  stationary  equilibrium  (in  terms  of  suitably  rescaled  state  vatriables) 
despite  the  presence  of  a  non-stationary  technology  process  (specified  below),  we  need  further  homogeneity 
assumptions  on  the  form  of  this  function.  The  marginal  utility  of  income  A,  for  the  representative  household 
each  period  must  be  given  by 

A,  =  tic(C,,//,'°')  (8) 

Furthermore,  household  optimization  requires  that  each  period  the  marginal  rate  of  substitution  between  C 
and  L'°'  must  equal  the  real  wage  VV, ,  so  that 

uciCHn  -  -^''''  ^'^ 

Equations  (8)  and  (9)  then  imphcitly  define  Frisch  labor  supply  and  consumption  demand  functions 
//'"'(WfAT,,  A()  and  C(W|yV,,A,),  which  provide  a  useful  characterization  of  intra-temporal  preferences.  ^* 
Our  additional  homogeneity  eissumption  caa  then  be  stated  as  follows.  There  exists  a  paraimeter  <t  >  0 
such  that  the  Frisch  labor  supply  is  homogeneous  degree  zero  in  {WN,X~^^''),  and  the  Frisch  consumption 
demand  is  homogeneous  of  degree  one  in  the  same  arguments.    ^'    The  consequence  of  this  eissumption  is 


^''Our  "labor  force"  vari&ble  is  a  scale  factor  for  aggregate  labor  supply,  with  no  necessary  connection  with  the  labor  force 
measure  in  the  BLS  surveys,  that  measures  only  those  individuals  who  either  have  a  job  or  who  are  actively  seeking  one,  and 
does  not  weight  them  according  to  the  amount  of  time  that  they  wish  to  work. 

^*See,  e.g.,  Rotemberg  and  Woodford  (1992,  1994)  for  further  discussion  of  FViscfa  labor  supply  and  consumption  demand 
functions. 

''The  family  of  utility  functions  with  this  property  is  discussed  further  in  King,  Plosser  and  Rebelo  (1988a)  and  in  Rotemberg 
and  Woodford  (1992). 
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that  a  permanent  increjise  in  the  real  wage  leaves  hours  worked  unchanged  while  desired  consumption  rises 
proportionally.  An  increase  in  A'^  has  the  same  effects  as  an  increase  in  w  since  it  increases  the  payment  that 
the  household  receives  per  unit  of  //'°V  Thus  an  increase  in  the  labor  force  also  lacks  any  effect  on  the  value 
of  //"",  while  C  and  L'°'  grow  in  proportion  to  the  increase  in  N .  Note  that  the  case  einalyzed  in  much  of 
the  RBC  literature, 

n{C,H)  =  c-v(H), 

for  d(//)  an  increasing  convex  function,  satisfies  our  homogeneity  assumption  with  (T  =  1. 

We  ctssume  a  constant  rate  of  growth  of  the  labor  force  Nt  so  that  our  model  hcis  only  a  single  source  of 
stochcistic  variation  in  the  endogenous  variables.  Thus  A'^i  =  Nof'/s/  for  some  positive  constcints  iVo  and  7;v- 

Private  output  is  produced  by  competitive  firms  using  a  technology 

Yt  =  F{Kt,z,L,) 

where  Yt  denotes  private  output  as  before,  Kt  the  private  capital  stock,  Lt  is  private  hours,  and  2<  an 
exogenous  technology  factor,  all  in  period  t.  Stochastic  variations  in  the  technology  factor  are  the  source  of 
aggregate  fluctuations.  We  introduce  a  stochastic  trend  in  output,  consumption,  and  so  on  (as  was  argued 
to  exist  in  the  U.S.  data)  by  assuming  that  the  technology  factor  is  a  random  walk  with  drift,  i.e.,  that 

logz,  =  log7^ +logz,_i +e,  (10) 

where  7,  is  a  positive  constant  and  {((}  is  a  mean-zero  i.i.d.  rauidom  variable. 

Both  factors  of  production  are  hired  in  competitive  spot  markets  each  period.  The  evolution  of  the 
private  capital  stock  is  given  by 

K,+i  =  I,  +  {l-S)K, 

where  /|  denotes  private  investment  and  the  depreciation  rate  6  is  &  positive  constant,  less  than  or  equal  to 
one. 

The  government  is  assumed  to  hire  a  certain  constant  fraction  of  the  available  labor  force  for  its  own  use. 
We  denote  this  fraction  by  //',  it  is  recorded  in  the  national  income  Jiccounts  as  government  value  added. 
As  a  result,  the  condition  for  labor  market  desiring  is 

H'°'{W,Nt,X,)  =  H,  +  H'  (11) 
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where  Ht  denotes  private  hours  per  member  of  the  labor  force,  or  Lt/Nf. 

In  addition,  the  government  purch£tses  a  quantity  G|  of  private  output  in  period  t.  We  assume  that 

G,  =  tY, 

where  r  is  a  positive  constant,  less  than  one.  As  a  result,  the  condition  for  product  market  cle2Lring  is 

C, +  /,  =  (l-r)F(/(-„2,N,//,)  (12) 

Both  H'  and  r  are  assumed  to  be  constants  (at  some  cost  in  realism)  so  that  the  technology  shock  is  the 
only  source  of  stocheistic  variation. 

These  government  purchases  cire  financed  by  lump-sum  taxes  equal  to  WfNtH^  each  period,  and  a 
proportional  tax  rate  r  on  all  factor  incomes.  This  results  in  equilibrium  factor  demands  satisfying 

F,{K,,z,N,H,)     =        ^* 


F,{K„z,N,H,)     = 


1  -r 
(l-r)z, 


where  pt  denotes  the  after  tax  rental  price  of  capital  goods  in  period  (.  These  equations  hold  because  p/(l  — r) 
and  Wt/{1  —  t)  equal  the  pre-tax  wage  and  rental  rate  respectively.  These  equilibrium  conditions,  along 
with  (12),  are  identical  to  those  of  a  model  with  no  government  purchases  in  which  the  production  function 
F(K,zL)  is  replaced  by  (1  —  t)F{K,zL)  and  the  Frisch  labor  supply  function  //'°'(lV,Af, ,  A,)  is  replaced 
by  H^°''{WtNt,Xt)  —  fi'-  ^^  Because  neither  the  steady  changes  in  Nt  nor  the  permanent  changes  in  Wt 
induced  by  technology  have  a  permanent  effect  on  H,  this  variable  is  stationary.  Thus,  as  we  suggested  in 
the  earher  section,  private  hours  must  be  trend  stationary. 

The  equilibrium  for  this  economy  is  given  by  the  solution  to  a  planning  problem.  The  levels  of  output, 
consumption  and  hours  that  solve  this  planning  problem  at  any  date  t  depend  on  Kt,  Nt,  the  current  level 
of  technology  at  t,  Zt  and  on  the  expected  evolution  of  technology  in  the  future.  Because  z,  is  Markovian, 
the  expected  future  evolution  of  technology  depends  only  on  zt  itself  so  the  equilibrium  at  t  depends  only 
on  Kt,  Nt  and  Zt-    Moreover,  it  is  easy  to  show  that  our  preference  specification  implies  that,  output  Yt 


''Note  that   this  does  not   involve  any   violation  of  the  usued  properties  of  the   FVisch  demands;    the  modified  functions 
H(WiNt,Xi)  and  C(WtNt,  Ai)  are  simply  the  Frisch  demands  corresponding  to  a  modified  utility  function  u(C,  H  +  W). 
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and  consumption  Ci  (and  hence  investment)  are  homogeneous  of  degree  one  in  A'l  and  ZfNt,  while  H  is 
homogeneous  of  degree  zero  in  these  same  two  variables.  ^^  This  means  that  the  rescaled  levels  of  private 
consumption,  investment,  output  and  hours  at  date  t,  -^fj-,  jjv"'  7/v"'  ^""^  n  respectively,  are  eewrh  functions 
of  just  -^,  and  we  denote  the  logarithm  of  this  state  variable  by  Kj.  As  a  result  of  this,  the  rescaled  level  of 
labor  productivity  P(/z(  =  7-^  is  also  a  function  of  /c,.  It  cjin  be  shown  furthermore  that  /c,  is  a  stationao'y 
vEtfiable  in  the  equilibrium,  and  hence  that  each  of  the  rescaled  variables  just  mentioned  is  stationary  as 
well. 

In  a  log-linear  approximation  to  the  equilibrium  laws  of  motion,  we  can  then  write 

(z,  -  x')  =  T„(/c,  -  «•)  (13) 

where  Xt  denotes  the  logarithm  of  any  one  of  the  five  stationary  variables  just  mentioned,  x*  is  the  mean 
veilue  of  that  variable,  and  «*  is  the  mean  value  of  k,.  (We  will  use  subscripts  c, »,  y,  h  and  p  for  x  in  referring 
subsequently  to  these  elaisticities.)  The  corresponding  investment  equation,  together  with  the  random  walk 
in  technology,  then  implies  a  law  of  motion  for  the  state  variable  {/ct},  an  approximation  to  which  is 

(/c,+  i  -  «•)  =  t;(/c, -K*)  -  f,+  i  (14) 

where  r;  =  (1  —  ^)5r,v  +  0,  and  ^  =  (1  —  6)/-fz-ff^  is  the  average  fraction  of  the  capital  stock  made  up  of 
undepreciated  capital  from  the  previous  period  (as  opposed  to  investment  purchases  during  the  previous 
period).  For  the  calibrated  parameter  values  discussed  in  the  next  section,  0  <  rj  <  1,  so  that  (14)  implies 
that  {k,}  is  indeed  a  stationary  variable.  Given  am  initial  per-capita  capital  stock  ko  and  an  initial  state  of 
technology  zq,  equations  (13)  and  (14)  determine  the  evolution  of  the  variables  {zt, /C(,C«, /(,  Vi, /i|.  Pi}  as 
a  function  of  the  sequence  of  technology  innovations  {e,}. 

These  equations  can  thus  be  used  to  compute  impulse  response  functions  to  a  disturbance  f(.  As  is 
apparent  from  (14),  this  response  simply  describes  the  expected  evolution  of  our  variables  starting  from  a 
situation  where  k,  is  away  from  its  steady  state  value  «*.  This  evolution  is  thus  identical  to  the  deterministic 
dynamics  of  a  model  with  constant  technology  whose  initijil  capital  stock  is  different  from  its  steady-state 
level.  ^*  Equation  (13)  then  determines  the  extent  to  which  each  particular  variable  departs  from  the  steady 


'^S*«  K-P-R  for  discussion  of  this,  and  also  the  log-linear  approximation  to  the  equilibrium  dynamics  used  below. 
^*This  problem  is  analyzed  in  section  3  of  King,  Plosser  and  Flebelo  (1988a);  their  notation  for  the  elasticity  t;  is  wi. 
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state  while  (14)  implies  that  they  all  converge  exponentially  to  the  steady  state  at  the  rate  {\  —  rj).  The  fact 
that  0  <  r;  <  1  indicates  that  the  system  does  indeed  converge.  For  plausible  parameter  values  (in  pjirticular, 
a  plausibly  low  depreciation  rate  6),  the  rate  of  convergence  is  relatively  slow,  so  that  t]  is  near  1. 

Using  the  baseline  parameters  set  out  in  Table  6  and  discussed  further  below,  Figure  3  displays  the 
response  of  consumption,  hours  and  output  to  a  disturbance  that  raises  e  by  one.  From  an  initial  value  of 
zero,  the  increase  in  e  eventually  raises  output  and  consumption  by  one  unit  while  hours  return  to  their 
original  value.  Since  the  increjise  in  (  lowers  the  capital  stock  relative  to  its  steady  state  value,  output  is 
below  the  new  steady  state  as  well.  These  parameters  imply  that  when  output  is  below  the  steady  state, 
consumption  is  even  further  below  the  steady  state.  This  ensures  that  the  ratio  of  investment  to  output  is 
above  the  steady  state  and  helps  raise  the  capital  stock  to  its  steady  state  value.  The  figure  also  shows  that 
hours  are  above  the  steady  state.  This  occurs  because  the  low  value  of  the  capital  stock  implies  that  wealth 
is  relatively  low  so  that  people  reduce  their  consumption  of  leisure. 

The  joint  stochastic  process  for  these  variables  is  predicted  to  be  such  that  Ayt,  (c,  —  j/,),  and  /i,  Jire 
stationary  variables,  though  {ci.j/i}  each  possess  a  unit  root,  as  is  reported  in  section  2  for  the  U.S.  data. 
Specifically,  the  model  predicts  that 

Ay,     =     tTj^Ak, +e,  (15) 

(Ct-y,)       =       [Tc«  -  TyKj/Cl  (16) 

/»?      =      TA-t'tl  (17) 

omitting  the  constants  in  each  equation.  On  the  other  hand,  both  Ct  and  yt  are  non-stationary,  as  each  can 
be  expressed  as  the  sum  of  log  2,  (a  random  walk)  and  a  stationary  variable.  Hence  the  general  form  of  our 
econometric  specification  in  section  2  is  consistent  with  this  model.  ^' 

K-P-R  describe  the  numerical  predictions  of  the  model  regarding  the  variability  of  the  growth  rates  of 
aggregates  such  as  per  capita  output,  consumption,  investment  and  hours.  We  wish  to  emphasize  instead 
the  character  of  predictable  changes  in  such  aggregates.  In  the  case  of  the  aggregates  X,  =  C,,  /(,  Vi,  or  P, , 


^^The  model  does  imply  that  the  joint  stochastic  progress  for  the  three  stationary  variables  should  be  singular,  as  there  is 
only  a  single  shock  each  period  to  which  all  three  innovations  are  proportional,  and  this  is  not  true  of  the  VAR  that  we  estimate 
in  section  2.  But  this  is  not  a  prediction  of  the  model  that  we  propose  to  test  here;  in  this  particular  respect  it  is  obvious  that  a 
one-shock  model  is  inadequate.  It  is  still  of  interest  to  ask  to  what  extent  a  particular  one-shock  model  predicts  co-movements 
of  aggregate  variables  that  are  at  all  similar  to  those  observed.  If  it  does,  there  might  be  some  hope  that  one  shock  could  be 
responsible  for  the  greater  part  of  what  are  thought  of  as  typical  "business  cycles". 
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the  laws  of  motion  (13)  and  (14)  imply  that  the  expected  growth  rates  are  given  by 

—  k 

Ax,      =     'rr«£'t['«i+t -«(]  +  £'(  [log  ;,+t  -  log  z,] 
=      -T„(l-r,*)(«, -«•) 

In  writing  this,  it  is  assumed  that  the  date  t  information  set  used  in  foreccisting  includes  the  state  variable 
K,.  However,  since  both  (ci  —  j/t)  and  h^  are  log-linear  functions  of  this  vjiriable,  it  suffices  that  either  of  the 
latter  variables  be  in  the  information  set.  Since  both  of  these  variables  are  among  our  regressors  in  section 
2,  the  model  implies  that  the  forecastable  cheinges  identified  by  our  VAR  specification  should  coincide  with 
the  variables  described  above.  Similarly,  the  laws  of  motion  imply  that 

AA,        =        TThKEtilit  +  k-  K,] 

=     -Th.(l-r;*)(/c,-«*) 

Thus  the  forecastable  changes  in  all  of  our  five  variables  are  predicted  to  be  perfectly  collinear.  Furthermore, 
the  forecastable  changes  in  any  one  of  the  variables  at  different  horizons  are  predicted  to  be  perfectly  collinear: 
for  regardless  of  the  horizon  k,  the  forecastable  change  should  be  proportioned  to  («f  —  k'). 

4      Numerical  Results  for  the  Baseline  Model 

We  now  present  the  numerical  predictions  of  a  calibrated  version  of  the  stochastic  growth  model  described  in 
the  previous  section,  and  compare  them  to  our  estimates  in  section  2.  The  calibrated  parameters  presented 
in  Table  6  are  identical  to  those  used  by  K-P-R,  except  that  we  allow  for  growth  in  the  labor  force.  A 
regression  of  the  logarithm  of  private  hours  on  a  deterministic  trend  gives  7jv,  the  rate  of  growth  of  the  labor 
force.  Our  regression  implies  that  this  equals  1.004. 

Note  that  preferences  are  specified  in  terms  of  the  coefficient  a  referred  to  in  the  previous  section  -  that 
can  be  interpreted  as  the  reciprocal  of  the  intertemporal  elasticity  of  substitution  of  consumption  holding 
hours  worked  constant  -  and  (hw,  the  elasticity  of  the  Frisch  labor  supply  function  h"'*{wN,X)  with  respect 
to  the  real  wage.  As  is  explained  in  Rotemberg  and  Woodford  (1992,  1994),  the  other  elasticities  of  the 
Frisch  demands  can  all  be  computed  given  numerical  values  for  these  two  parameters,  and  the  elasticities  of 
the  Frisch  demands  are  the  only  aspect  of  preferences  that  enters  the  log-linearized  equilibrium  conditions. 
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The  values  used  in  our  baseline  calibration  -  a  —  \,ihw  =  4  -  are  those  that  would  result  from  a  utility 
function 

iog(c,)  +  iog(//-//r) 

if  on  average  //'°'  \s  .2o{  H  -  H'. 

The  other  parameter  not  taken  directly  from  K-P-R  is  our  tissumed  standard  deviation  for  the  technology 
shocks,  <Tc  =  .00732.  This  value  is  equal  to  the  estimated  standard  deviation  of  innovations  in  tbe  permanent 
compoaent  of  private  output,  from  the  VAR  described  in  section  2.  ^°  According  to  the  theoretical  model 
of  the  previous  section,  the  trend  component  of  log  private  output  in  the  sense  of  (1)  should  exactly  equal 
log  Z(  (plus  a  constant),  so  that  the  variance  of  innovations  in  this  variable  should  equal  the  variance  of  {(t)- 
^'  Thus  we  calibrate  the  variability  of  the  innovations  in  technology  so  that  the  model's  prediction  regarding 
the  variability  of  the  permanent  component  of  private  output  agrees  exactly  with  what  we  measure.  Of 
course,  the  fact  that  the  model  predicts  variation  in  the  permanent  component  does  not  imply  anything 
about  variation  in  forecastable  changes  in  output;  for  example,  if  output  were  predicted  to  be  a  random 
walk,  there  would  be  none.  We  turn  next  to  the  model's  predictions  regarding  the  size  and  character  of  the 
fluctuations  in  the  aggregate  variables  discussed  in  section  2. 

First  of  all,  the  second  column  in  Table  2  presents  the  predictions  of  the  calibrated  model  for  each  of 
the  unconditional  moments  reported  in  that  table.  This  is  the  type  of  test  of  the  model  emphasized  by 
K-P-R  and  by  Plosser  (1989).  Using  this  test,  the  model  meets  with  a  fair  degree  of  success.  This  picture 
of  relative  success  changes  considerably,  however,  if  one  considers  the  variability  of  the  forecastable  changes 
in  the  various  aggregate  variables,  rather  than  the  unconditional  variability  of  their  growth  rates.  Table  7 
reports  the  predicted  standard  deviations  of  the  forecastable  changes  Aif ,  for  each  of  the  five  variables  x, 
and  for  several  different  horizons  k.  The  first  thing  to  notice  about  these  results  is  that  the  stochastic  growth 
model  does  not  predict  that  there  should  be  a  great  deed  of  variation  in  the  forecasted  chcinge  in  private 


^"Our  results  are  in  essential  agreement  with  those  of  K-P-S-W,  who  report  a  standard  deviation  of  .007  for  the  "balanced- 
growth  shock"  to  their  three-variable  VAR,  which  differs  from  ours  mainly  in  using  the  share  of  fixed  investment  in  private 
output,  rather  than  private  hours  relative  to  the  labor  force,  as  the  third  variable. 

'"  It  has  been  observed  by  Lippi  and  Reichlin  (1993)  that  identification  of  shifts  in  the  permanent  component  of  output  using 
a  VAR  in  this  way  depends  upon  an  assumption  of  "fn nrl«nnOT<t-«ln«-««"  of  the  moving- average  representation  implied  by  the 
estimated  VAR,  an  assumption  that  need  not  be  valid  in  general.  That  is,  it  need  not  be  possible  to  recover  the  true  permanent 
shock  as  any  linear  combination  of  the  VAR  innovations.  However,  in  the  present  case,  our  theoretical  model  implies  that  the 
MA  representation  derived  from  our  VAR  should  indeed  be  "fundamental".  The  true  permanent  shock  can  indeed  be  recovered 
from  the  VAR  residuals;  for  example,  equations  (14)  and  (17)  imply  that  ci  should  be  exactly  proportional  to  the  residual  fr-om 
a  regression  of  h,  on  /it— 1  ■ 
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output.  At  the  12-quarter  horizon,  the  standard  deviation  of  the  forecastable  change  in  output  is  predicted 
to  be  .0029,  whereas  we  estimate  it  to  be  .0326  -  the  model  accounts  for  variations  in  forecastable  output 
growth  of  only  9%  of  the  amphtude  of  the  observed  variations!  At  the  infinite-horizon  (the  Be veridge- Nelson 
cyclical  component  of  output),  the  model  accounts  for  variations  of  only  21%  of  the  amplitude  of  the  observed 
variations.  ^^ 

These  results  depend  on  aissuming  that  the  standard  deviation  of  the  technology  shocks  Oi  is  equal  to 
0.00732.  As  we  explained  earlier  this  is  the  standard  deviation  of  the  shock  to  the  permanent  level  of 
output.  This  standard  deviation  also  implies  that  the  model's  overall  standard  deviation  of  output  chamges 
is  below  the  actual  standard  deviation.  This  can  be  seen  by  comparing  the  6th  column  of  Table  7  with  the 
corresponding  column  of  Table  3.  These  columns  present  the  standard  deviations  of  the  unexpected  changes 
in  output  from  one  period  to  the  next.  The  standard  deviation  of  unexpected  changes  over  one  quarter 
predicted  by  the  model  equals  about  60%  of  the  actual  one.  For  the  24  quarter  horizon,  the  model  predicts 
a  standard  deviation  of  unexpected  chcinges  that  is  much  closer  to  the  actual  one. 

Obviously,  one  could  raise  both  the  predictable  and  the  unpredictable  variability  of  output  changes 
generated  by  the  model  by  raising  one's  estimate  of  <T(.  But  our  value  of  (Tj  is  not  solely  responsible  for  the 
results  concerning  the  lack  of  predictable  output  changes  in  the  model.  To  see  this,  suppose  that  we  set  <t< 
so  that  the  standard  deviation  of  overall  quairterly  changes  in  output  predicted  by  the  model  equals  0.012, 
the  actued  standard  deviation  of  the  one  quarter  chemges  in  private  value  added.  This  requires  that  c,  be 
equal  0.0157,  which  is  more  than  twice  as  large  sa  our  estimate.  Even  then,  the  model's  predicted  standard 
deviation  of  expected  output  changes  over  eight  quarters  equals  only  18%  of  the  standard  deviation  implied 
by  our  VAR. 

Another  way  to  see  that  the  lack  of  predictable  movements  is  not  solely  due  to  our  choice  of  (t,  is  to 
compare  the  fi^'s  in  the  last  columns  of  the  two  tables.  These  /i^'s  give  the  ratio  of  the  veuriance  of  expected 
changes  to  the  total  variance  of  changes  in  output  and  are  thus  independent  of  the  level  of  <t,.  The  R  's 
predicted  by  the  model  are  much  lower  than  the  actual  ones.  At  the  12  quarter  horizon,  the  estimates  imply 


^^  If  one  conaidcT*  iiutead  the  fraction  of  the  variaace  of  the  forecaatable  change  that  i«  predicted  by  the  model,  one  flnda  that 
the  model  account*  for  only  1%  in  the  former  caae  and  only  4%  in  the  latter.  This  is  a  preferable  metric  in  certain  re»pect» 
because  the  total  variance  equals  the  sum  of  the  variances  induced  by  independent  shocks.  Thus,  if  a  successful  model  could  be 
found  that  added  other  independent  disturbances  to  this  model,  the  other  shocks  would  have  to  account  for  99%  of  the  variance 
of  the  forecastable  changes  in  the  former  case,  and  96%  in  the  latter. 
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that  over  50%  of  the  variance  of  output  is  predictable.  By  contrEist,  if  the  model  were  correct,  only  about 
2%  of  the  variance  of  output  over  this  horizon  would  be  predictable. 

Another  difference  between  the  model  and  the  data  is  that  the  model  predicts  that  the  standard  deviation 
of  forecasted  changes  in  output  rises  whenever  the  horizon  is  lengthened.  By  contrast,  the  data  suggest  that 
this  standard  deviation  peaks  at  the  12  quarter  horizon,  or  at  Jiny  rate  increases  Uttle  after  that  horizon. 
Similarly,  the  model  predicts  that  the  R^  should  rise  from  the  12  to  the  24  quarter  horizon  and  this  is 
not  true  of  our  empiriced  results.  Thus  the  forec2isted  fluctuations  predicted  by  the  model  have  a  somewhat 
different  character  than  those  we  find  in  the  data.  The  model's  forecasted  changes  involve  adjustments  to  the 
steady  state  that  occur  over  very  long  spsins  of  time.  Insteeid,  the  data  suggest  that  the  large  forecastable 
changes  occur  over  shorter  "business  cycle"  frequencies.  This  finding  is  related  to  the  demonstration  by 
Watson  (1993)  that  the  model  is  unable  to  replicate  the  fact  that  spectra  of  output  growth  have  a  great  deal 
of  power  at  business  cycle  frequencies. 

Perhaps  the  most  counterintuitive  contrast  between  the  model  and  the  data  concerns  the  behavior  of 
the  variability  of  consumption.  As  we  saw,  the  estimated  stemdard  deviation  of  expected  consumption 
changes  equads  between  one  third  and  one  half  the  corresponding  standard  deviation  for  output.  By  contreist, 
the  model  predicts  that  the  standard  deviation  of  expected  consumption  changes  should  equal  over  twice 
the  standard  deviation  of  output  changes.  This  may  be  surprising  since  the  RBC  literature  often  counts 
the  prediction  of  relatively  smooth  consumption  as  one  of  the  model's  import2int  successes.  But  because 
technology  shocks  raise  the  marginal  product  of  capital  they  raise  interest  rates  and  this  promotes  a  reduction 
in  consumption  relative  to  its  steady  state  level.  This  reduction  is  so  large  in  the  case  of  our  preference 
parameters  that  the  ratio  of  consumption  to  income  actually  falls.  This  means  that  consumption  is  expected 
to  grow  more  than  income  and  thus  the  size  of  expected  changes  in  consumption  exceeds  the  size  of  expected 
output  chjinges.  Another  way  of  seeing  this  is  to  note  that,  in  Figure  3,  departures  of  output  from  the  steady 
state  are  associated  with  even  bigger  departures  of  consumption  from  its  steady  state.  Thus  the  predictable 
movements  of  consumption  (towards  its  steady  state)  are  larger. 

In  the  case  of  investment,  by  contrast,  the  model  is  more  accurate.  While  its  underprediction  of  the  total 
veiriability  of  forecastable  output  movements  leads  it  to  underpredict  the  standard  deviation  of  investment 
movements,  it  correctly  predicts  that  this  standard  deviation  should  be  larger  than  that  for  output  move- 
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rnents.  Investment  is  very  large  in  the  immediate  aftermath  of  a  positive  technology  shock  because  capital 
is  below  the  steady  state.  Later,  investment  is  much  smaller  and,  for  this  reason,  the  predictable  movements 
are  large.  In  the  data  the  ratio  of  the  standard  deviation  of  investment  movements  is  to  that  of  output 
movements  is  actueilly  slightly  larger  than  the  ratio  predicted  by  the  model.  This  is  just  the  flip  side  of  the 
model's  relative  overprediction  of  consumption  movements. 

The  model  generates  predictable  movements  in  hours  that  are  of  roughly  the  same  magnitude  as  the 
predictable  changes  in  output.  This  prediction  is  validated  in  the  data.  This  is  interesting  because,  as  far 
as  the  total  variability  is  concerned,  Table  2  shows  (as  do  K-P-R)  that  the  model  underpredicts  the  ratio  of 
the  standard  deviation  of  hours  growth  to  that  of  output  growth. 

Unlike  in  the  case  of  output  movements,  the  model  predicts  labor  productivity  movements  that  are  too 
large,  particularly  for  horizons  longer  than  24  months.  This  means  that  the  ratio  of  the  standard  deviation 
of  productivity  changes  to  that  of  output  changes  is  much  larger  in  the  model  than  in  the  data,  particularly 
at  long  horizons.  As  we  will  emphasize  below,  these  counterfactual  predictions  concerning  productivity 
movements  are  particularly  bothersome  because  it  seems  unlikely  that  simple  variants  of  the  model  can 
account  for  it. 

Because  the  model  has  just  one  state  variable,  k,  the  expected  changes  in  all  the  variables  are  perfectly 
correlated.  Moreover,  since  k  is  deterministically  related  to  both  current  hours  and  the  consumption  shsire, 
these  variables  are  also  perfectly  correlated  with  all  expected  changes.  Such  perfect  correlations  are  obviously 
absent  from  our  data.  Nonetheless,  all  our  estimates  of  expected  changes  are  highly  correlated  with  each  other 
and,  at  lejist  for  long  horizons,  they  are  also  highly  correlated  with  initial  hours  and  the  initial  consumption 
share.  This  suggests  that  a  model  with  a  single  state  variable  can  in  principle  explciin  a  large  fraction  of  the 
cyclical  movements  in  our  veiriables. 

While  these  correlations  are  high  in  our  data,  their  sign  is  often  not  that  predicted  by  our  model.  It  is 
apparent  from  Figure  3  that  our  parameters  imply  that  when  output  is  below  the  steady  state  (and  rising), 
hours  are  above  the  steady  state  while  the  consumption  share  is  below  the  steady  state.  This  means  that 
expected  future  output  growth  should  be  positively  associated  with  the  current  level  of  hours  and  negatively 
associated  with  the  consumption  share.  '^  Empirically,  both  these  correlations  have  the  opposite  sign  from 


^Note  that  thia  latter  implication  is  the  opposite  of  what  is  implied  by  the  simple  permanent  income  hypothesis. 
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that  predicted  by  our  model.  In  the  data,  a  high  consumption  share  and  a  low  level  of  hours  both  predict 
high  future  growth  in  output. 

Similar  difBculties  arise  when  we  analyze  the  sign  of  the  correlations  between  the  expected  changes  in 
our  variables.  These  can  be  seen  in  Table  8  which  reports  the  regression  coefficients  of  expected  changes  in 
vjirious  variables  on  expected  output  growth.  We  do  not  report  different  coefficients  for  different  horizons 
because  the  model  predicts  that  these  coefficients  are  independent  of  the  horizon  in  question.  If  the  model 
were  literally  correct  these  regressions  would  have  no  error  but  this  is  not  our  main  concern  here.  Rather 
we  are  most  interested  in  the  form  of  the  predicted  co-movement. 

Our  model  predicts  that  expected  consumption  growth  is  positive  when  expected  output  growth  is  pos- 
itive. Therefore,  the  regression  coefficient  of  expected  consumption  growth  on  expected  output  growth  is 
positive.  Our  earlier  discussion  suggests  the  model  predicts  that  this  coefficient  is  well  above  2.  By  contrast, 
it  is  less  thsm  .5  in  the  data.  The  problem  is  once  again  that  the  model  predicts  that  consumption  will  rise 
faster  than  income  afler  a  positive  technology  shock. 

By  the  same  token,  the  model  implies  that  expected  changes  in  investment  are  very  negatively  related  to 
expected  increases  in  output.  The  corresponding  regression  coefficient  is  about  -1.7.  Investment  is  highest 
immediately  after  a  positive  technology  shock.  After  that,  investment  is  expected  to  fall  while  output  is 
expected  to  rise.  By  contrast,  our  estimated  regression  coefficient  is  above  2,  and  implies  that  expected 
investment  growth  is  positively  related  to  expected  output  growth. 

With  our  parEimeters,  our  model  predicts  that  the  regression  coefficient  of  expected  hours  growth  on 
expected  output  growth  is  negative.  The  reason  is  that  a  positive  technology  shock  leads  to  an  immediate 
increase  in  hours.  As  is  clear  in  Figure  3,  hours  are  then  expected  to  fall  even  though  output  rises  as  a 
result  of  capital  accumulation.  In  the  data,  expected  output  growth  is  positively  associated  with  expected 
hours  growth.  This  is  simply  the  flip  side  of  the  observation  that  a  low  level  of  hours  is  associated  with  an 
expected  increase  in  output  in  the  data  while  it  is  2tssociated  with  a  decline  in  the  model. 

A  somewhat  different  contreist  is  provided  by  the  regression  coefficient  of  expected  labor  productivity 
growth  on  expected  output  growth.  The  model  predicts  this  to  be  positive  and  larger  than  one.  This  is  not 
surprising  since  output  is  expected  to  rise  when  hours  are  expected  to  fall.  The  extra  output  is  expected 
to  be  produced  by  increased  capital.  By  contrast  our  estimates  indicate  that  expected  productivity  growth 
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is  nearly  unrelated  to  expected  output  growth.  While  the  staindard  errors  are  large  relative  to  the  point 
estimates,  many  of  the  coefficients  in  the  last  column  of  Table  5  are  negative  suggesting  that  productivity 
should  fall  when  output  rises. 

5      Alternative  Preference  Specifications 

One  obvious  question  that  arises  at  this  point  is  whether  these  discrepancies  can  be  resolved  by  changing  the 
preference  parameters  in  plausible  ways.  To  shed  some  light  on  this  question,  we  have  investigated  whether 
changes  in  a  and  (hw  could  reverse  the  sign  of  some  of  the  predicted  correlations  in  ways  that  would  make 
them  more  consistent  with  the  data.  ^  The  results  are  presented  in  Table  9.  This  table  presents  the  standard 
deviation  of  output  changes  forecasted  to  occur  in  the  next  12  quarters  in  the  third  column.  The  fourth  and 
fifth  columns  present  the  correlation  of  output  changes  with  the  initial  level  of  {C/Y)  and  h  respectively. 
Finally,  the  last  three  columns  report  the  regression  coefficients  of  expected  consumption  growth,  expected 
hours  growth  and  expected  productivity  growth  on  expected  output  growth. 

It  is  apparent  from  this  table  that,  keeping  <t  equal  to  1,  varying  (hw  does  not  make  the  model  more 
successful.  As  is  well  known,  raising  the  elasticity  of  labor  supply,  rziises  the  immediate  increase  in  hours  in 
response  to  a  positive  technology  shock.  This  means  that  hours  aie  expected  to  decUne  further  after  such 
a  shock.  The  result  is  that  the  regression  coefficient  of  expected  hours  changes  on  expected  output  changes 
becomes  even  more  negative.  Moreover,  the  volatility  of  expected  output  falls  because  the  increase  in  output 
due  to  capital  accumulation  is  now  offset  by  a  bigger  decline  in  hours  worked.  Thus  raising  the  elasticity  of 
labor  supply,  which  has  been  demonstrated  to  help  the  model  explain  the  unconditioned  volatility  of  hours 
makes  the  predictions  concerning  the  expected  changes  in  hours  more  counterfactual. 

It  is  possible  to  make  some  of  the  model's  predictions  more  consistent  with  our  facts  by  changing  <r. 
Consider  first  the  effect  of  lowering  <t  so  that  utility  is  more  nearly  linear  in  consumption.  This  has  the 
effect  of  making  consumption  rise  less  in  response  to  a  technology  shock  so  that  C/Y  falls  by  more.  The  fall 
in  consumption  also  tends  to  raise  labor  supply  so  that  hours  rise  by  more.  If,  one  assumes  also  that  tHW 
is  large,  then  hours  can  rise  so  much  that  output  initially  overshoots  its  long  run  level.  This  possibility  is 


■'*Tha«  p&nuneters  of  the  model  differ  from  the  others  in  that  they  cannot  be  identified  from  observation  of  the  long  run 
averages  of  stationary  variables  alone,  as  opposed  to  using  evidence  on  the  character  of  aggregate  fluctuations  to  pin  them 
down.  The  parameter  chw  in  particular  is  quite  controversial  even  within  the  RBC  literature,  and  the  consequences  of 
aasuming  altemAtive  values  for  it  are  often  considered.  See,  e.g.,  Prescott  (1986)  and  King,  Ploaser  and  Rebelo  (1988a). 


28 


illustrated  in  Figure  4  which  shows  impulse  responses  for  a  equal  to  0.6  and  inw  equal  to  10. 

Because  output  overshoots  its  long  run  level,  output  and  hours  are  expected  to  decline  together.  This 
expected  dechne  in  output  is  associated  with  a  low  initial  level  of  (C/Y)  and  a  high  initial  level  of  hours. 
Thus  the  model  now  fits  the  sign  of  these  correlations  as  well  as  the  positive  co-movement  of  expected 
hours  and  expected  output.  Another  possible  advantage  of  these  parameters  is  that  they  imply  that  labor 
productivity  moves  in  the  opposite  direction  as  output.  The  reason  is  that  the  output  dechnes  that  follow  a 
positive  technology  shock  are  accompanied  by  capital  accumulation  and  labor  decumulation,  both  of  which 
raise  labor  productivity.  The  problem,  however,  is  that,  because  both  factor  movements  are  causing  labor 
productivity  to  rise,  the  predicted  relationship  is  too  strong;  productivity  is  expected  to  fall  by  more  than 
4%  for  each  1%  increase  in  output. 

There  is  another  problem  with  this  specification  of  preferences.  Because  consumption  is  expected  to  grow 
after  a  technology  shock,  its  growth  occurs  when  output  is  expected  to  decline  (the  regression  coefficient 
of  expected  consumption  growth  on  expected  output  growth  equals  -5.3).  While  the  precise  magnitude  of 
this  coefficient  depends  on  the  parameters  employed,  it  should  be  deai  that  the  fact  that  consumption  and 
output  move  in  opposite  directions  is  an  immediate  consequence  of  making  a  so  low  that  output  overshoots 
its  long  run  level.  Thus,  such  low  it's  do  not  seem  appealing. 

The  zJternative  is  to  consider  high  levels  of  a.  Raising  (t  lowers  the  elasticity  of  substitution  of  con- 
sumption so  that  consumption  rises  more  in  the  immediate  aftermath  of  a  technology  shock.  This  has  two 
efl"ects,  both  of  which  make  the  model  more  consistent  with  the  data.  The  first  is  that,  if  the  increase  in 
consumption  is  large  enough,  the  consumption  share  actually  rises.  Since  output  is  stUl  predicted  to  grow 
after  the  shock,  the  current  consumption  share  becomes  positively  correlated  with  expected  output  growth. 
The  second  effect  of  rsiising  a  is  that,  because  consumption  rises  more,  hours  rise  less.  If  one  also  lowers 
the  elasticity  of  labor  supply,  then  hours  actually  fall  after  a  positive  shock  to  technology.  This  means  that 
hours  are  expected  to  rise  together  with  output,  as  our  estimates  suggest. 

We  document  these  effects  in  Figure  5  where  we  plot  the  impulse  response  functions  when  cr  is  equal 
to  4  and  (hw  is  equal  to  0.2.  As  Table  9  indicates,  these  petfameters  again  imply  that  high  values  of  h 
eind  low  values  of  (C/Y)  are  associated  with  output  declines.  They  also  imply  that  the  predicted  elasticity 
of  consumption  growth  with  respect  to  expected  output  growth  is  only  .90  and  this  lower  value  is  more 
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consistent  with  our  estimates.  Indeed,  the  fact  that  this  elasticity  is  below  \/sc  implies  that  the  elasticity 
of  expected  investment  growth  with  respect  to  expected  output  growth  is  positive,  as  in  the  data.  Finally, 
the  elasticity  of  expected  hours  growth  with  respect  to  expected  output  growth  is  positive  although  it  equals 
only  0.06  which  is  much  lower  than  in  the  data.  Nonetheless,  these  preference  parameters  capture  the  main 
qualitative  features  of  the  forecasted  movements  in  consumption,  output  and  hours.  The  exception  is  that 
they  still  imply  that  productivity  is  expected  to  grow  substantially  with  output,  and  this  is  not  the  cawe  in 
our  data. 

While  the  use  of  these  preference  parameters  improves  the  ability  of  the  model  to  explain  the  correlations 
reported  in  Tables  4  2uid  5,  it  worsens  its  ability  to  explain  several  of  the  moments  reported  in  Table  2.  In 
particular,  the  predicted  standard  deviation  of  the  overall  one  quarter  change  in  hours  falls  significantly.  It 
now  equals  only  about  3%  of  the  standard  deviation  of  changes  in  output.  On  the  other  hand,  the  model  now 
predicts  an  excessive  volatihty  of  consumption.  The  predicted  standard  deviation  of  consumption  changes 
from  one  quarter  to  the  next  now  exceeds  the  corresponding  standcird  deviation  for  output.  But  perhaps 
the  biggest  problem  with  assuming  such  a  low  elsisticity  of  substitution  of  consumption  is  that  it  results  in  a 
strong  negative  correlation  between  the  overaill  change  in  hours  and  the  overall  change  in  output.  This  may 
be  surprising  because  the  correlation  between  the  predicted  changes  in  the  two  variables  is  now  positive, 
aa  in  the  data.  The  problem  is  that  the  predictable  movements  remain  small  relative  to  the  unpredictable 
movements.  And,  positive  shocks  to  productivity  now  lower  hours  while  raising  output,  contributing  to  an 
overall  negative  correlation  between  these  variables. 

Thus,  using  the  pareimeters  that  fit  better  the  expected  changes  implies  that  the  unexpected  changes  must 
largely  be  due  to  shocks  other  than  technology  shocks.  Hence  simple  variation  of  the  preference  parameters 
does  not  solve  the  problem  posed  in  section  4. 

6      Consequences  of  Measurement  Error  and  Transitory  Distur- 
bances 

We  now  consider  whether  the  difficulties  of  the  standard  stochastic  growth  model  can  be  explained  by  the 
simple  hypothesis  that  our  time  series  on  consumption,  output  and  hours  are  subject  to  classical  measurement 
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error.  ^*  That  is,  we  wish  to  consider  the  hypothesis  that  the  equations  of  section  3  correctly  describe  the 
evolution  of  a  vector  of  true  state  variables  x,  =  (y, ,  c, ,  A,),  but  that  our  data  are  for  a  vector 

X,  =  X,  +  u,  (18) 

where  {t/,}  is  vector  white  noise  process,  independent  of  the  technology  shock  process  and  hence  of  the 
vciriables  {x,}. 

We  can  Jilso  consider  simult2ineously  the  consequences  of  cidding  various  types  of  transitory  shocks  to 
the  model  set  out  in  section  3.  Suppose  that  the  equiUbrium  conditions  of  section  3  are  correct,  except  for 
the  presence  of  a  vector  of  white  noise  disturbance  terms  t/»,  that  may  enter  any  of  the  equations  involved 
in  the  determination  of  variables  at  date  t.  For  example,  we  may  allow  for  preference  shocks,  so  that  the 
Frisch  demand  functions  become  /j'°'(u;,  A^,,  A,,  t/, )  and  C(W(iVt,  A,,  i/,).  (We  continue  to  assume  the  same 
homogeneity  properties  as  before,  for  each  value  of  i/f.)  We  may  allow  for  stochastic  government  purchases 
and  fiscal  policy,  so  that 

G,     =     T(i^,)Y, 

Or  we  may  allow  for  stochastic  variation  in  the  rate  of  depreciation,  so  that 

K,^,  =  I,  +  (l-6(u,))K, 

We  can  also  allow  i/,  to  be  an  argument  of  the  date  t  production  function,  as  long  as  the  homogeneity  and 
concavity  properties  of  the  function  continue  to  hold  for  all  values  of  «/<;  in  this  case  there  would  be,  in  effect, 
both  permanent  and  transitory  technology  shocks.  A  more  complex  possibility  (that  we  cauinot  develop  here 
in  detail)  would  be  to  allow  for  a  wedge  between  the  marginal  products  in  date  t  production  and  factor  prices, 
or  for  a  wedge  between  the  representative  household's  marginal  rate  of  substitution  between  consumption 
and  leisure  and  the  real  wage,  that  depends  upon  the  difference  between  the  logarithm  of  the  nominal  price 
level  at  date  t  and  what  this  price  level  was  expected  to  be  at  date  t  —  I.  ^^  Here  we  do  not  wish  to  discuss 


'''It  has  often  been  suggested  in  the  RBC  literature  that  important  discrepancies  between  the  predictions  of  the  stochastic 
growth  model  and  the  statistical  properties  of  aggregate  lime  series  are  due  to  measurement  error,  especially  in  the  hours  series. 
See,  e.g.,  Prescott  (1986)  or  Christiano  and  Eichenbaum  (1992). 

■"This  could  result  from  nominal  wages  or  prices  being  fixed  a  period  in  advance,  or  from  asymmetric  information  regarding 
the  current  price  level  as  in  the  model  of  Lucas  (1972).  See  Cooley  and  Hansen  (1993)  for  discussion  of  complete  stochastic 
growth  models  into  which  such  sources  of  monetary  non-neutrality  are  introduced. 
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extension  of  the  model  to  include  nominal  price  level  determination,  but  it  is  clear  that  such  a  "price  level 
surprise"  veiriable  must  be  white  noise,  regardless  of  the  nature  of  the  underlying  shock  that  determines  it. 
In  any  of  these  cases,  the  perturbed  equilibrium  conditions  have  a  solution  in  which  «(  can  be  expressed 
as  a  time-invariant  function  of  «(  and  «/<.  For  the  variables  x,  are  determined  as  before  by  equilibrium 
conditions  that  are  the  same  at  all  times,  except  for  their  dependence  upon  the  current  value  of  /C(,  and  now 
also  their  dependence  upon  the  current  value  of  Ut  and  the  distribution  of  possible  future  histories  of  the 
shocks  {ut+j).  But  the  distribution  of  possible  future  histories  of  the  shocks  {i'(+;}  is  the  same  at  till  times, 
because  of  the  assumption  that  the  shocks  are  white  noise.  (Actually,  it  suffices  that  the  vector  process  {ut} 
be  Markovian.)  Thus  Xt  is  determined  solely  by  /C|  and  fi.  Log-linearization  around  the  mean  values  of  the 
latter  two  variables  then  yields 

(r,  -  X*)  =  5ri,(/c,  -  k')  +  Vr^iv,  -  ly*)  (19) 

as  a  generalization  of  (13),  and  similarly 

(/ci+i  -  k')  =  r](K,  -  k')  +  rj^i/t  -  e«+i  (20) 

as  a  generalization  of  (14).  Furthermore,  due  the  usual  certainty-equivalence  property  of  the  log-linear 
equiUbrium  conditions,  the  coefficients  tTzk  and  rj  are  the  same  as  in  the  previous  model  (corresponding  to 
the  case  of  j/(  a  constant  vector). 

Both  the  model  of  measurement  error  (18)  and  the  model  with  white  noise  disturbances  (19)-(20)  have 
a  common  set  of  implications.  These  are  that 

£,[/«,+;]       =       ^>..n'-'E,[K,  +  ,-K']  (21) 

Et[ct+j  -  yt+j]     =     [vcK  -  TryK]Tf~^E,[K,+  i  -  k\  (22) 

SilAyt+j  +  i]     =     -iry«(l -T/)7'"'£',[/c,+  i -AC*]  (23) 

for  any  j  >  1,  where  the  coefficients  t,,  and  rj  are  the  same  as  in  the  previous  model.  Note  that  we  have 
used  the  assumption  that  the  disturbances  i/,  in  (18)-(20)  are  white  noise  to  eUminate  terms  of  the  form 
E,[i/i+y]  for  j  >  1.  Both  models  similarly  imply  that 

Ai*,  =  £:.[x,+,+i  -  x,+,]  =  -T„(l  -  r/MrT^-'Ej/c  +  i  -  k'\  (24) 
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for  any  ;'  >  1,  and  for  each  of  the  variables  x  =  y,c,  i,p,  or  /».  AU  of  equations  (21)-(24)  are  also  impHcations 
of  the  model  in  section  3;  the  only  difference  is  that  corresponding  equations  with  t  +  1  replaced  by  t  need 
no  longer  hold. 

Because  each  of  these  conditional  expectations  is  a  multiple  of  the  same  variable  E([/C|+i  —  k'],  it  follows 
that  their  relative  variances  and  their  correlations  Jire  all  identical  to  those  predicted  by  the  model  of  section 
3.  Hence  these  implications  of  the  model  can  be  tested,  independently  of  which  variables  one  beheves  to  be 
most  contaminated  by  measurement  error  or  of  which  of  the  types  of  transitory  disturbances  one  beheves 
are  most  important. 

Up  to  this  point  we  have  considered  the  effects  of  measurement  error  and  transitory  disturbances  that  aie 
independently  distributed  through  time  so  that  forecjists  of  future  variables  depend  only  on  £",  [k,+i  —  k']. 
A  similar  analysis  applies  to  the  case  where  the  transitory  disturbances  or  the  measurement  error  follow  a 
moving  average  process  of  order  m.  Then,  the  expectations  at  t  of  variables  at  <  +  j,  where  j  is  no  smaller 
than  m  +  1,  depend  only  on  the  Et[iit+m+i  —  «*]  The  reason  is  that  any  effect  beyond  t  +  m+  \  of  shocks 
that  have  impinged  on  the  system  up  to  t  must  be  due  only  to  the  slow  adjustment  of  capital  from  t  +  m  +  1 
to  the  steady  state. 

Table  10  presents  the  implications  of  the  estimated  VAR  for  several  statistics  involving  expectations  at 
t  of  k  period  changes  starting  at  t  +  j.  Specifically,  for  each  value  of  j  and  k,  the  first  column  reports 
the  standard  deviation  of  Ay^ ,.  The  next  two  columns  report  the  correlations  between  Ay^ ,  on  the  one 
hand,  and  Et[ct+j  —  Vt+j]  and  Et[ht+j]  on  the  other.  The  remaining  three  columns  report  the  respective 
coefBcients  of  the  regressions  of  Ac^  ,,  An^ ,,  and  Ap  ,  on  Ay^  ,.  The  theoretical  predictions  for  these  last 
six  quantities  are  independent  of  both  j  and  k;  the  correlations  in  columns  two  and  three  ought  to  be  -1  and 
+  1  respectively  (in  the  case  of  the  calibration  described  in  Table  6),  while  the  regression  coefBcients  in  the 
remaining  columns  ought  to  take  the  values  given  in  Table  8. 

Table  10  shows  that  the  co-movements  between  variables  are  not  very  sensitive  to  the  choice  of  j.  The 
correlations  of  expected  output  growth  from  quarter  I  +  j  with  the  expectation  of  /»  at  <  +  j  always  has 
the  wrong  sign  as  does  the  regression  coefficient  of  expected  hours  growth  on  expected  output  growth. 
Because  this  latter  coefficient  is  always  estimated  to  be  near  one,  expected  productivity  is  either  unrelated 
or  negatively  related  to  expected  output  growth.    The  sign  of  the  correlation  between  the  expected  value 
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of  (c  —  y)  and  expected  output  growth  as  well  as  the  coefBcient  in  the  regression  of  expected  consumption 
growth  on  output  growth  remain  inconsistent  with  the  model  until  j  reaches  8  quarters.  For  longer  horizons, 
these  correlations  become  unstable,  though  the  standard  errors  become  very  large  as  well.  The  overall 
stability  of  the  results  as  one  varies  the  point  from  which  expected  changes  in  output  are  computed  suggests 
that  measurement  error  and  transitory  disturbances  are  not  responsible  for  our  results  concerning  the  co- 
movement  of  different  series. 

There  remains  the  question  of  whether  the  estimates  of  the  standard  deviation  of  Ay^ ,  can  be  compared  to 
the  predictions  of  the  model.  In  the  case  of  transitory  disturbances,  such  comparison  is  impossible  because, 
depending  on  the  disturbance,  a  transitory  disturbance  at  t  can  have  quantitatively  important  effects  on 
«(/k*.  On  the  other  hand,  measurement  error  at  (  should  not  have  a  large  effect  on  Et[Kt+j  —a'].  It 
is  thus  of  interest  to  compare  the  actual  variability  of  Ay^ ,  with  the  variability  induced  by  random  walk 
disturbances  with  (Tj  equal  to  0.00732.  The  corresponding  theoretical  predictions  are  displayed  in  Table  11. 
We  see  that,  for  low  values  of  j,  the  model  still  generates  predictable  movements  whose  variability  is  too 
small.  For  higher  values  of  j,  the  correspondence  between  the  two  is  closer  because  the  data  suggest  that, 
beyond  a  12  quarter  horizon,  predictable  movements  of  output  tend  to  be  quite  small. 

7     Slow  Diffusion  of  Technical  Progress 

One  possible  answer  to  the  difficulties  encountered  by  the  stochastic  growth  model  in  the  previous  sections 
is  to  consider  a  more  complex  stochastic  process  for  technology.  It  is  rather  obvious  that  one  way  to  obtain 
larger  forecastable  movements  in  output  and  other  variables  is  to  assume  forecastable  movements  in  the 
production  technology  itself.  It  is  also  obvious  that  generaUzing  the  specification  of  the  technology  process 
can  in  principle  introduce  a  large  number  of  additional  degrees  of  freedom,  perhaps  enough  to  allow  one  to 
fit  the  finite  set  of  statistics  discussed  above. 

But  such  a  resolution,  even  if  possible,  does  not  detrjict  from  our  main  point  here.  The  demonstration 
above  that  a  particular  form  of  technical  progress  that  yields  stochastic  growth  does  not  generate  business 
cycles  suffices  to  establish  that  the  business  cycle  is  not  a  necessary  concomit2int  of  stochastic  growth.  In 
addition,  allowing  oneself  a  large  number  of  free  parameters  in  the  assumed  technology  process  -  that  are  not 
to  be  pinned  down  by  reference  either  to  microeconomic  evidence  or  to  growth  facts  -  is  hardly  in  the  spirit  of 
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the  RBC  literature.  This  literature  has  emphasized  the  benefits  of  eliminating  free  parameters  whose  values 
are  deduced  from  the  cyclical  fluctuations  that  one  seeks  to  explain.  It  is  precisely  this  desire  to  conserve 
on  parameters  that  has  led  the  RBC  literature  to  an  almost  exclusive  focus  on  the  case  where  zt  follows 
a  random  walk.  This  is  the  simplest  possible  specification  that  allows  for  stochastic  growth;  for  it  is  the 
unique  type  of  process  with  the  property  that  all  conditional  expectations  of  the  form  £',[logz,^.j]  for  j  >  0 
-  the  only  aspects  of  expectations  of  future  technology  that  matter  for  equilibrium  determination  in  the  log- 
linear  approxim.ation  -  can  be  summarized  by  a  single  state  variable.  Furthermore,  it  has  often  been  argued 
to  be  reasonable  a  priori  because  technical  inventions,  once  discovered,  should  be  permanent  additions  to 
knowledge.  Thus  while  one  might  assume  dyncimics  of  some  complex  sort  for  expected  productivity  changes, 
and  thus  obtain  a  model  that  can  explain  both  a  cycle  of  the  kind  observed  and  stochastic  growth  as 
consequences  of  technology  shocks,  there  is  no  reason  to  regard  such  a  modification  of  the  model  as  any 
less  ad  hoc  than  would  be  the  introduction  of  any  other  additionail  source  of  treinsitory  dynamics,  such  as 
nominal  contracts  and  monetary  policy  shocks. 

For  this  reason,  we  do  not  here  attempt  to  consider  the  implications  of  a  general  class  of  stochastic 
processes  for  technology;  this  sort  of  extension,  like  the  investigation  of  other  sources  of  transitory  dynamics, 
is  left  for  further  work.  We  do,  however,  wish  to  briefly  consider  an  alternative  specification  for  the  technology 
shock  process,  that  is  both  relatively  simple,  and  that  generahzes  the  random  walk  specification  in  a  way 
that  is  suggested  by  studies  of  the  actual  nature  of  technical  progress,  rather  than  being  chosen  simply  for 
its  usefulness  in  producing  dynamics  of  the  desired  sort.  Specifically,  we  wish  to  allow  for  the  possibility  that 
technical  innovations,  once  discovered,  diffuse  slowly  through  the  economy  rather  than  being  immediately 
adopted  to  the  fullest  possible  extent.  The  evidence  that  actual  innovations  are  adopted  slowly  is  ubiquitous, 
■'^  though  the  reasons  why  the  diffusion  is  so  slow  are  unclear,  ^  and  it  is  not  obvious  how  this  specification 
is  to  be  reconciled  with  the  low  serial  correlation  of  measured  Solow  productivity  residuals.  ■*' 


'''$««  Manafteld  (1968)  for  a  comprehensive  discussion  &nd  for  references.  Jov&novic  and  Lacfa  (1993)  also  discuss  the  conse- 
quences of  the  slow  diffusion  of  innovations  for  the  ability  of  a  stochastic  growth  model  to  account  for  aggregate  fluctuations, 
although  in  a  growth  framework  rather  different  from  our  own. 

^^EUlison  and  Piidenberg  (1993)  stress  the  presence  of  slow  learning  about  the  quality  of  an  innovation. 

^' Under  the  assumptions  of  the  model  analyzed  here,  the  Solow  residual  should  measure  the  growth  rate  of  the  technology 
factor  i(,  so  that  the  observation  of  serial  correlation  near  zero  provides  support  for  the  assumption  that  zt  follows  a  random 
walk.  However,  it  is  often  argued  that  much  of  the  high-frequency  variation  in  measured  Solow  residuals  results  from  mis- 
measurement  of  inputs  (e.g.,  due  to  "labor  hoarding",  variations  in  capital  utilization,  or  improper  aggregation)  rather  than 
true  technical  progress.  Thus  the  technology  specification  considered  here  should  probably  not  be  dismissed  on  this  basis  alone, 
though  we  do  not  here  model  any  of  these  possible  sources  of  spurious  variations  in  the  Solow  residual. 
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Formalization  of  this  idea  requires  that  we  introduce  a  new  variable,  namely  the  "long  run"  level  of 
technology  expected  at  t,  ii,.  In  direct  analogy  with  (1),  we  define  it  as 

\ogv,=   \imE,\\ogz,+T-T\og-r,]  (25) 

T  —  oo 

where  z,  continues  to  denote  the  technology  factor  in  the  period  t  jiggregate  production  function,  and  7, 
is  the  unconditional  average  rate  of  growth  of  z.  The  variable  v,  can  be  thought  of  as  the  level  of  basic 
knowledge  about  technological  opportunities  that  the  society  has  at  t.  Actual  technology  can  differ  from  this 
because  of  the  time  taken  for  new  technologies  to  be  adopted.  To  be  consistent  with  (25),  Vt  must  follow  a 
random  walk.  The  reason  is  that  the  revisions  in  the  expectation  of  the  level  of  expected  long  run  technology 
must  be  independent  of  any  information  available  at  (.  Thus,  we  have  that 

logv,  =  logv,_i  +€,  (26) 

Our  analysis  in  section  3  assumed  that  Zt  was  always  equal  to  Vt .  Here  we  propose  to  relax  this  assumption, 
but  in  the  simplest  possible  way.  Thus  we  assume  that 

logz,  =^  log  2,_i+(l-/?)  logv,  (27) 

This  equation  implies  that 

if  =/?7,'-,+(l-/?)f.  (28) 

so  that  the  rate  of  growth  of  technology  follows  a  first-order  AR  process.  It  follows  that  all  conditioned 
expectations  of  the  form  Et[logzt+j]  aie  functions  of  only  two  state  variables,  Zt  and  Vt- 

This  equation  defines  a  one-pcirameter  family  of  stochastic  processes  for  technology,  with  the  case  consid- 
ered in  section  3  corresponding  to  /?  =  0.  We  now  consider  values  ranging  over  the  interval  0  <  /?  <  1,  where 
higher  /3  corresponds  to  slower  diffusion  of  the  innovation.  Mansfield  (1968)  contains  estimates  of  rates  of 
diffusion  for  many  innovations.  *°  He  shows  that  the  time  elapsed  before  half  the  firms  in  an  industry  adopt 
a  major  innovation  has  varied  between  1  and  15  years.  We  thus  consider  a  rate  of  diffusion  such  that  half 


*"  Mansfield  (1968)  stresses  that  the  stock  of  adopters  follows  an  S-curve  and  one  could  view  this  as  evidence  that  the  stochastic 
process  for  z  is  more  complex  than  in  (27;  an  S-shaped  impulse  response  of  z  to  an  innovation  requires  that  the  growth  rate 
of  2  be  an  AR  of  at  least  second  order.  We  do  not  pursued  this  further  here,  for  two  reasons.  The  first  is  the  scarcity  of 
information  on  the  basis  of  which  to  calibrate  several  different  parameters.  The  second  is  that  the  S-curve  discussed  in  the 
empirical  literature  is  an  ex  post  description  of  successful  innovations.  Because  unsuccessful  innovations  probably  start  out 
loolung  similar  to  successful  ones,  it  is  hard  to  know  at  which  point  in  the  S-curve  one  should  imagine  that  people  know  that 
the  long-run  technology  will  be  diiTerent.  This  idea  fits  well  with  Ellison  and  Fudenberg's  (1993)  explanation  of  slow  diffusion 
based  on  slow  learning. 
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the  change  in  t;  is  embedded  in  a  change  in  z  after  30  quarters.  This  implies  that  0  is  equd  to  about  0.98. 
We  thus  give  special  emphasis  to  this  value. 

In  this  variant  of  the  model,  output,  consumption  and  hours  depend  on  four  variables,  the  current  capital 
stock,  jVi,  the  current  level  of  technology  r,  and  the  eventual  level  of  technology  t;,.  But,  once  again  it  is 
straightforward  to  show  that  consumption  and  output  are  homogeneous  of  degree  one  in  A',,  z,N,  and  VtNt, 
while  /»(  is  homogeneous  of  degree  zero  in  this  same  set  of  variables.  This  means  that  the  transformed 
veiriables  j-^y"'  Tit  ^^^  ^*  depend  on  two  variables,  namiely  /C(  and  the  ratio  of  Vt  to  z,  (or  equivalently, 
(logt;,  —  logz,).  Since  Ct/Y,  and  h,  depend  just  on  these  two  state  variables,  it  is  generally  possible  to 
reconstruct  the  state  variables  from  the  two  stationary  variables  included  in  our  VAR.  Thus  the  theoretical 
model  imphes  that  the  forecastable  changes  estimated  by  our  VAR  should  correspond  to  the  forecastable 
changes  given  the  information  set  of  agents  in  the  model.  ■" 

Table  12  presents  the  theoretical  predictions  for  a  model  with  our  baseline  preference  specifications,  but 
for  alternative  vjdues  of/?.  These  predictions  are  computed  keeping  the  standard  deviation  of  €(,  cr, ,  equal  to 
0.00732.  The  table  shows  that  the  R^,  the  fraction  of  chemges  in  output  over  12  quarters  that  are  predictable, 
rises  with  0.  This  is  due  to  the  fact  that  higher  values  of  0  make  the  future  rate  of  technical  progress  more 
predictable.  While  this  increase  in  R''  seems  desirable,  increases  in  0  also  lower  the  standard  deviation  of 
predictable  output  changes.  The  reason  is  that  higher  values  of  0  make  the  rate  of  growth  of  technology 
smoother  (since  it  becomes  more  serially  correlated  as  0  is  increeised,  in  the  limit  approaching  a  random 
walk).  Thus,  for  a  given  <t<,  the  variance  of  changes  in  logz  falls,  and  consequently  the  variance  of  changes 
in  logV  as  well.  This  reduction  in  the  variability  of  output  also  leads  to  a  reduction  in  the  amount  of 
predictable  variability.  Thus  slow  diffusion  of  technology  does  not  lead  to  larger  forecastable  movements  in 
output. 

Table  12  Jilso  shows  that  many  of  the  correlations  between  output  growth  and  other  variables  that  were 
problematic  in  the  case  of  /3  =  0  remain  problematic  for  higher  values  of  0.  In  particular,  high  expected 
growth  is  still  correlated  with  high  values  of  hours  and  low  values  of  C/Y .    This  is  surprising,  because 

consumption  rises  more  than  output  immediately  following  a  positive  innovation  if  /?  is  large.  This  can  be 

*'Thu»  the  possibility  of  mis-identification  of  technology  shocks  from  the  VAR  residuals  that  Lippi  and  Reichlin  show  can 
arise  in  the  case  of  slow  diffusion  of  technical  progress  does  not  occur  in  this  model.  Hence  for  purposes  of  calibrating  this 
model,  we  are  again  able  to  take  the  estimated  variance  of  innovations  in  the  long-run  forecast  of  output  from  the  VAR  as  the 
variance  of  innovations  in  U|. 


37 


seen  in  Figure  6,  which  shows  the  impulse  responses  of  consumption,  output  and  hours  to  a  unit  innovation 
((  when  J  is  equal  to  0.98.  The  reason  consumption  jumps  so  much  is  that  there  continues  to  be  a  strong 
wealth  effect  of  the  innovation,  even  though  the  productivity  of  existing  inputs  has  increased  very  little.  But, 
while  C/Y  rises  immediately,  it  soon  falls,  eind  spends  most  of  the  transition  period  below  its  steady  state 
value.  For  that  reason,  the  overall  correlation  between  output  growth  and  C/Y  continues  to  be  negative. 

With  this  high  value  of/?,  the  regression  coefficients  of  expected  consumption  growth  and  expected  hours 
growth  on  expected  output  growth  are  closer  to  their  empirical  counterparts.  The  first  is  now  below  1, 
as  in  the  data,  while  the  second  is  now  Icirger.  On  the  other  hand,  the  model  still  predicts  that  labor 
productivity  should  rise  together  with  output.  This  prediction  seems  hard  to  avoid  in  models  where  the 
transitory  dynamics  are  due  to  persistent  technology  shocks  that  cause  long  run  growth.  It  is  probably  the 
single  biggest  reason  for  our  feeling  that  the  shocks  that  lead  to  long  run  growth  do  not  seem  capable  of 
generating  the  sort  of  predictable  output  movements  that  we  have  been  exploring  in  this  paper. 

Thus  allowing  for  forecastable  technical  progress  of  this  particular  kind  does  not  help  to  explciin  the  size 
or  chjiracter  of  the  forecastable  variations  in  output  growth.  What  is  more,  in  the  case  of  a  high  value 
of  /3,  the  model  implies  that  technology  shocks  account  for  only  a  trivial  fraction  of  the  overall  variability 
of  output  growth  aa  well.  Whereas  in  the  case  /?  =  0,  the  predicted  standard  deviation  of  output  growth 
is  .0053  (nearly  half  the  standard  deviation  of  actually  observed  output  growth),  in  the  case  0  =  .98,  the 
predicted  standard  deviation  of  output  growth  is  only  .0009.  This  allows  us  to  sharpen  the  point  meule 
earlier:  Accepting  the  existence  of  a  stochastic  trend  does  not  require  us  to  believe  that  innovations  in  that 
trend  play  any  significant  role  in  the  generation  of  business  cycles.  It  is  now  clear  that  this  is  true  not  only 
when  by  "business  cycles"  we  mean  forecastable  output  movements;  innovations  in  the  trend  need  not  play 
any  significzint  role  in  the  generation  of  period  to  period  variability  in  aggregate  quantities,  forecastable  or 
otherwise.  If  the  correct  model  were  of  this  kind,  but  with  additional  independent  disturbances  in  addition 
to  the  technology  shocks,  essentially  all  of  the  vjiriability  in  aggregate  quantities  would  have  to  be  due  to 
the  other  shocks.  Thus  the  existence  of  a  "unit  root"  in  output  does  not,  in  itself,  imply  anything  about  the 
role  of  technology  shocks  in  generating  output  veiriability.  *^ 


*^The  variance  decompoai lions  reported  by  K-P-S-W  do,  of  course,  provide  further  evidence  in  this  regard.  The  amount 
of  the  variance  in  output  and  other  qu/uitities  over,  say,  a  12-quarter  horizon  that  they  attribute  to  the  innovations  in  the 
"balanced-growth  shock"  is  certainly  not  consistent  with  a  theoretical  model  like  the  one  disciissed  here,  with  a  high  value  of 
0  but  with  additional  transitory  disturbances. 
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8      Conclusions 

We  have  demonstrated  that  the  forecastable  movements  in  output  -  what  we  would  argue  is  the  essence  of 
the  "business  cycle"  -  are  inconsistent  with  a  standard  growth  model  disturbed  solely  by  random  shocks 
to  the  rate  of  technical  progress.  In  the  Ccise  of  a  standard  calibration  of  parameter  values,  the  model 
predicts  neither  the  magnitude  of  these  forecastJible  changes  nor  their  basic  features,  such  as  the  signs  of 
the  correlations  among  the  forecastable  changes  in  various  aggregate  quantities.  We  have  also  argued  that 
contemplation  of  parameter  values  outside  the  range  typically  assumed  in  the  real  business  cycle  literature 
does  little  to  improve  the  model's  performance  in  this  regard,  while  significantly  worsening  the  model's 
performance  on  dimensions  emphasized  in  that  literature. 

Various  possible  interpretations  might  be  given  for  the  fciilure  of  this  particular  type  of  stochastic  growth 
model  to  explain  the  business  cycle.  It  may  be  that  the  business  cycle  is  mainly  caused  by  disturbances  other 
than  technology  shocks,  that  the  model  errs  in  its  account  of  the  dynamic  response  to  technology  shocks, 
or  that  the  technology  shocks  that  account  for  the  business  cycle  have  serial  correlation  properties  very 
different  from  those  assumed  here.  Whichever  possibility  turns  out  to  ciccount  for  more  of  the  failure,  one 
can  conclude  that  the  standard  growth  model  provides  a  poor  description  of  the  "propagation  mechanLsm" 
by  which  the  effects  of  shocks  evolve  over  time.  For  we  can  show  that  the  mere  introduction  of  additional 
disturbances  to  the  equilibrium  conditions  of  the  model  cannot  solve  the  problem,  regardless  of  the  nature 
or  magnitude  of  the  disturbances  contemplated,  if  these  additional  disturbances  are  purely  transitory.  Thus 
the  additional  disturbances  (whether  they  represent  additional  transitory  components  of  the  productivity 
factor,  or  shocks  of  some  other  kind)  would  have  to  exhibit  significant  persistence,  and  the  mechanism  by 
which  these  disturbances  persist  over  maay  quarters  would  turn  out  to  be  a  crucial  source  of  business  cycle 
dynamics  -  in  essence,  a  propagation  mechanism  in  addition  to  those  present  in  the  basic  growth  model. 

But  it  is  not  obvious  that  one  should  cissume  that  the  equations  of  the  basic  model  are  correct  except  for 
the  absence  of  stoch2istic  disturbance  terms.  Quite  possibly,  the  standard  growth  model  must  be  modified  to 
include  other  sources  of  dynamics  before  it  can  be  used  to  model  business  cycles.  Some  obvious  candidates 
would  include  inventory  dynamics,  slow  adjustment  of  the  work  force  as  is  implied  in  models  of  "labor 
hoarding,"  or  slow  adjustment  of  nominal  wages  and/or  prices  as  is  implied  by  models  with  overlapping 
contracts  or  costs  of  price  adjustment.  The  degree  to  which  mechanisms  of  these  sorts  might  better  account 
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for  the  size  and  nature  of  the  forecastable  movements  in  output  and  other  variables  documented  here  remains 
a  topic  for  future  research. 
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Table 

1  Regression  Results 

Ay 

(c-y) 

h 

A^y 

A(c-y) 

A/. 

Explanatory  vars. 

Consteint 

0.023 
0.016 

-0.042 
0.014 

0.010 
0.012 

0.005 
0.001 

-0.044 
0.013 

0.344 
0.080 

Ay_i 

0.570 
0.167 

-0.469 
0.147 

0.570 
0.127 

-0.696 
0.098 

Ay_j 

0.002 
0.087 

0.017 
0.077 

-0.005 
0.066 

{c-y)-i 

0.663 
0.166 

0.330 
0.146 

0.490 
0.126 

-0.098 
0.030 

(c-yU 

-0.618 
0.158 

0.568 
0.139 

-0.458 
0.120 

/»-, 

0.215 
0.128 

-0.283 
0.113 

1.450 
0.097 

-0.079 
0.019 

h-. 

-0.314 
0.135 

0.316 
0.119 

-0.503 
0.102 

AVi 

0.013 
0.091 

AV2 

0.129 
0.075 

A(c-y)_, 

0.122 
0.074 

A(c-y)_2 

0.126 
0.075 

A/._i 

0.760 
0.070 

A/._2 

-0.135 

0.074 

Trend 

3e-4 

8e-5 

Data  from  1948.4  to  1993.2.  Standard  Errors  below  coefficient  estimates. 
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Table  2 
Unconditional  Second  Moments 


Moment 

Baseline  Model 

U.S.  Data 

S.D.Ay 

0.0053 

0.0113 

S.D.Ac/S.D.Ay 

0.585 

0.478 

S.D.At/S.D.Ay 

2.019 

2.911 

S.D.A/i/S.D.Ay 

0.358 

0.934 

S.D.Ap/S.D.Ay 

0.660 

0.690 

Corr.(Ac,  Ay) 

0.987 

0.5223 

Corr,(A/.,Ay) 

0.977 

0.7475 

Corr.(Ai,  Ay) 

0.994 

0.9452 

Corr.(Ap,  Ay) 

0.994 

0.4373 
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Table  3 
Estimated  standard  deviations  of  forecasted  changes 


Ay 

Ac 

Ai 

Ah 

Ap 

Ay*  -  Ay 

R^ 

Horizon 

1. 

0.0062 

0.0023 

0.0175 

0.0077 

0.0037 

0.0094 

0.308 

0.0007 

0.0004 

0.0021 

0.0005 

0.0005 

2. 

0.0108 

0.0044 

0.0288 

0.0130 

0.0059 

0.0148 

0.347 

0.0014 

0.0007 

0.0039 

0.0013 

0.0009 

4. 

0.0190 

0.0082 

0.0494 

0.0204 

0.0081 

0.0220 

0.429 

0.0029 

0.0014 

0.0077 

0.0029 

0.0014 

8. 

0.0299 

0.0139 

0.0767 

0.0309 

0.0080 

0.0273 

0.550 

0.0039 

0.0022 

0.0096 

0.0045 

0.0017 

12 

0.0326 

0.0172 

0.0825 

0.0341 

0.0072 

0.0304 

0.537 

0.0034 

0.0027 

0.0068 

0.0031 

0.0018 

24 

0.0309 

0.0224 

0.0772 

0.0323 

0.0067 

0.0394 

0.384 

0.0037 

0.0046 

0.0053 

0.0012 

0.0020 

oo 

0.0310 

0.0272 

0.0585 

0.0325 

0.0068 

0.000 

0.0044 

0.0089 

0.0039 

0.0000 

0.0023 

StaDdard  Errors  based  on  coefficient  uncertainty  below  estimates. 
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Table  4 
Estimated  correlations  of  predicted  output  changes 


with  the  regressors 

Regressor: 

Ay, 

(c<  -  yi) 

h, 

Horizon: 

1. 

0.597 

0.214 

-0.599 

0.090 

0.109 

0.090 

2. 

0.530 

0.312 

-0.793 

0.095 

0.132 

0.077 

4. 

0.291 

0.451 

-0.960 

0.095 

0.142 

0.030 

8. 

0.009 

0.533 

-0.995 

0.062 

0.127 

0.007 

12. 

-0.087 

0.546 

-0.979 

0.058 

0.119 

0.013 

24. 

-0.093 

0.544 

-0.978 

0.058 

0.171 

0.012 

oo 

-0.092 

0.541 

-0.978 

0.071 

0.240 

0.014 

Standard  Errors  based  on  coefficient  uncertainty  below  estimates. 
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Table  3 
Estimated  regression  coefficients  among  forecasted  changes 


Ac,  on  Ay, 

At,  on  Ay, 

An,  on  Ay, 

—  k             —  k 

Ap,  on  Ay, 

Horizon: 

1. 

0.2537 

2.7412 

1.0922 

-0.0922 

0.0590 

0.1376 

0.1102 

0.1102 

2. 

0.3119 

2.6057 

1.0741 

-0.0741 

0.0603 

0.1406 

0.1154 

0.1154 

4. 

0.3443 

2.5299 

0.9881 

0.0119 

0.0627 

0.1463 

0.1079 

0.1079 

8. 

0.3678 

2.4751 

0.9964 

0.0036 

0.0595 

0.1389 

0.1098 

0.1098 

12. 

0.3997 

2.4008 

1.0230 

-0.0230 

0.0614 

0.1434 

0.1134 

0.1134 

24. 

0.4970 

2.1738 

1.0253 

-0.0253 

0.1212 

0.2828 

0.1215 

0.1215 

00 

0.5711 

2.0008 

1.0252 

-0.0252 

0.2358 

0.5502 

0.1375 

0.1375 

Standard  Errors  based  on  coefficient  uncertainty  below  estimates. 
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Table  6 
The  Calibrated  Parameters 


Parameter 

Defined  by 

Values 

Description 

7» 

1.004 

Steady  state  growth  rate  of  technology  (per  quarter) 

7n 

1.004 

Labor  force  growth  rate  (per  queirter) 

«C 

C 

7 

0.70 

Share  of  private  consumption  expenditure  in  private 
value  added  net  of  govt,  purchases 

6 

0.025 

Rate  of  depreciation  of  capital  stock  (per  quarter) 

8K 

^ 

0.42 

Share  of  capital  costs  in  total  costs 

(KL 

FklF 

1 

Elasticity  of  substitution  between  capital  and  hours 

r 

Fk-S 

or7fr'-l 

0.01625 

Steady  state  real  rate  of  return  (per  quarter) 

\l<r 

1 

Intertemporal  elasticity  of  substitution  of  consumption 
holding  hours  worked  constant 

iHW 

4 

Intertemporal  elasticity  of  labor  supply 

ff< 

.00732 

Standard  deviation  of  permanent  technology  shock 

Note:  Except  for  rate  of  population  growth,  parameters  displayed  above  n  take  the  same  values  as  in  King, 
Plosser  and  Rebelo  (1988a). 
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Table  7 
Predicted  8tand£u:d  deviations  of  forecasted  changes 


Ay 

^k 
Ac 

A: 

A/»* 

—  k 
Ap 

Ay*  -  Ay 

ft2 

Horizon: 

1 

0.0003 

0.0007 

0.0005 

0.0003 

0.0006 

0.0053 

0.0035 

2 

0.0006 

0.0013 

0.0010 

0.0006 

0.0012 

0.0076 

0.0065 

4 

0.0012 

0.0025 

0.0019 

0.0011 

0.0022 

0.0109 

0.0113 

8 

0.0021 

0.0046 

0.0036 

0.0020 

0.0041 

0.0159 

0.0176 

12 

0.0029 

0.0063 

0.0049 

0.0027 

0.0056 

0.0200 

0.0208 

24 

0.0045 

0.0097 

0.0076 

0.0042 

0.0087 

0.0300 

0.0224 

oo 

0.0066 

0.0141 

0.0110 

0.0060 

0.0126 

0.0000 

Table  8 
Predicted  regression  coefficients  among  forecasted  changes 


■^:^T z=r% ^:n ;:n ^rj :=n ^rr         zitt" 

Ac,  on  Ay,       Aj,  on  Ay,       A/»,  on  Ay,       Ap,  on  Ay, 


2.1464 


-1.6750 


-0.9198 


1.9198 
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Table  9 
The  Effect  of  Varying  the  Preference  Parameters 


a 

iHW 

S.D.Ay 

--12 
Corr  (Ay    ,c  -  y) 

Corr(Ay    ,/») 

—  12          —12 
Ac,    on  Ay, 

A/i,    on  Ay, 

—  T2--  --m 
Ap,    on  Ay, 

0.6 

0.2 

0.0041 

-1.0 

1.0 

2.0990 

-0.1799 

1.1799 

0.6 

1.0 

0.0030 

-I.O 

1.0 

3.1763 

-1.0312 

2.0312 

0.6 

4.0 

0.0003 

-1.0 

1.0 

39.0290 

-27.9527 

28.9527 

0.6 

10.0 

0.0025 

1.0 

-1.0 

-5.3574 

5.2520 

-4.2520 

0.2 

0.0039 

-1.0 

1.0 

1.5827 

-0.0978 

1.0978 

1.0 

0.0035 

-1.0 

1.0 

1.7813 

-0.3918 

1.3918 

4.0 

0.0029 

-1.0 

1.0 

2.1460 

-0.9193 

1.9193 

10.0 

0.0026 

-1.0 

1.0 

2.3765 

-1.2504 

2.2504 

oo 

0.0023 

-1.0 

1.0 

2.6845 

-1.6862 

2.6862 

4 

0.2 

0.0031 

1.0 

-1.0 

0.8975 

0.0621 

0.9379 

4 

1 

0.0029 

1.0 

1.0 

0.8854 

-0.0488 

1.0488 

4 

4 

0.0029 

1.0 

1.0 

0.8867 

-0.0365 

1.0365 

4 

10 

0.0030 

1.0 

1.0 

0.8869 

-0.0348 

1.0348 

4 

oo 

0.0030 

1.0 

1.0 

0.8870 

-0.0337 

1.0337 

10 

0.2 

0.0022 

1.0 

1.0 

0.6531 

-0.0425 

1.0425 

10 

1 

0.0022 

1.0 

1.0 

0.6580 

-0.0281 

1.0281 

10 

4 

0.0022 

1.0 

1.0 

0.6586 

-0.0264 

1.0264 

10 

10 

0.0022 

1.0 

1.0 

0.6587 

-0.0261 

1.0261 

10 

oo 

0.0022 

1.0 

1.0 

0.6588 

-0.0259 

1.0259 
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Table  10 
Forecasts  for  k  Periods  Starting  in  Period  t  +  j 


^:ri ::^T :=n z=n izirr :=rt :=rT :=^ z=rr 

SDAt/j      Corr(Ay  ,(c-j/), )      Corr(Ay  ,/ij)      Ac^  on  Ay^-      Ahj  on  Ay^      Apj  on  Ay^ 


1  1         0.0051  0.284  -0.838  0.349  1.005  -0.005 

0.0008  0.160  0.087  0.063  0.116  0.116 

2        0.0099  0.372  -0.920  0.349  0.980  0.020 

0.0017  0.158  0.053  0.062  0.109  0.109 

4        0.0186  0.469  -0.987  0.349  0.991  0.009 

0.0030  0.148  0.015  0.059  0.108  0.108 

8        0.0286  0.533  -0.998  0.364  1.050  -0.050 

0.0035  0.127  0.004  0.056  0.114  0.114 

12       0.0303  0.548  -0.989  0.396  1.080  -0.080 

0.0033  0.125  0.009  0.062  0.118  0.118 

24       0.0286  0.546  -0.988  0.492  1.082  -0.082 

0.0037  0.189  0.009  0.133  0.127  0.127 

oo       0.0288  0.543  -0.988  0.564  1.082  -0.082 

0.0043  0.261  0.010  0.256  0.145  0.145 

2  8        0.0257  0.501  -0.999  0.362  1.111  -0.111 

0.0033  0.135  0.004  0.057  0.122  0.122 

oo       0.0252  0.510  -0.993  0.566  1.142  -0.142 

0.0042  0.312  0.011  0.314  0.1569  0.157 

4       8        0.0178  0.348  -0.999  0.376  1.223  -0.223 

0.0034  0.183  0.005  0.079  0.146  0.146 

oo       0.0166  0.355  -0.995  0.619  1.251  -0.251 

0.0043  0.536  0.015  0.632  0.202  0.202 

8       8        0.0046  0.066  -0.995  0.407  1.455  -0.455 

0.0028  0.791  0.046  0.979  0.188  0.188 

oo       0.0038  0.089  -0.974  0.680  1.476  -0.476 

0.0025  2.463  0.168  8.921  0.189  0.189 

12      8        0.0016  0.517  -0.988  -0.955  0.977  0.023 

0.0025  1.720  0.143  4.617  0.554  0.554 

oo       0.0016  0.453  -0.957  -2.191  0.988  0.012 

0.0032  4.250  0.142  25.65  1.041  1.041 

24      8        0.0001  -0.718  -0.965  13.11  0.998  0.002 

0.0011  5.846  1.159  37.90  5.316  5.316 

oo       0.0002  -0.871  -0.983  26.17                 1.026  -0.026 

0.0031  4.826  0.477  330.9                  10.57  10.57 


Standard  Errors  based  on  coefficient  uncertainty  below  estimates. 
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Table  11 
Predicted  Standard  Deviation  of  k  Period  Output  Changes  Starting  at  t  +  j 


J  = 

k: 

1 

2 

4 

8 

12 

24 

8 

oo 

0.0020 
0.0063 

0.0019 
0.0060 

0.0018 
0.0054 

0.0014 
0.0045 

0.0012 
0.0037 

0.0007 
0.0020 

Table  12 
The  Effect  of  Slow  Diffusion  of  Technical  Progress 


0 

S.D.AV" 

R2 

Corr(Ay    ,c-y} 

Corr(Ay    ,/») 

Ac,    on  Ay, 

—-12          —12 
An,    on  Ay, 

Ap,    on  Ay, 

0.99 

0.0001 

0.990 

-0.535 

0.523 

0.885 

0.091 

0.908 

0.98 

0.0002 

0.975 

-0.394 

0.393 

0.806 

0.155 

0.845 

0.95 

0.0006 

0.887 

-0.213 

0.213 

0.685 

0.252 

0.748 

0.9 

0.0012 

0.695 

-0.125 

0.125 

0.630 

0.296 

0.704 

0.8 

0.0022 

0.409 

-0.132 

0.132 

0.634 

0.293 

0.707 

0.7 

0.0027 

0.256 

-0.205 

0.205 

0.676 

0.259 

0.741 

0.6 

0.0030 

0.170 

-0.304 

0.304 

0.746 

0.203 

0.797 

0.5 

0.0032 

0.118 

-0.420 

0.420 

0.849 

0.121 

0.879 

0.4 

0.0033 

0.083 

-0.550 

0.550 

0.992 

0.006 

0.994 

0.3 

0.0033 

0.059 

-0.688 

0.688 

1.191 

-0.153 

1.153 

0.2 

0.0032 

0.041 

-0.826 

0.826 

1.459 

-0.367 

1.367 

0.1 

0.0030 

0.029 

-0.945 

0.945 

1.798 

-0.638 

1.638 
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